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Foreword

When this 7t SESS report is released we will read
2025 in our calendars.

Back in 2005, when | was research director at
the Norwegian Polar Institute, | was contacted
by a State Secretary at Norway’s Ministry
of Environment to discuss the possibility of
establishing a research infrastructure project in
Svalbard that could be relevant for European
Strategy Forum for Infrastructures (ESFRI) roadmap,
which was imminent at the time. Thus began the
journey that we today call SIOS.

At the time, Svalbard’s existing research infra-
structure was both fragmented and bewildering.
Two notable organisations for scientific cooperation
were already in place to help scientists navigate
the complex, heterogeneous and multi-national
character of research in Svalbard. The Ny-Alesund
Science Managers Committee (NYySMAC) and
Svalbard Science Forum (SSF) were doing - and
continue to do - excellent work. But the SIOS
initiative remains a journey towards an enhanced
and stimulating cooperation to build an efficient
research infrastructure. Efficiency is sought both in
planning, investment and utilisation for the sake of
enhancing science opportunities in Svalbard.

In moments of weakness one can question what
has been achieved in 20 years. But a look through
the SESS reports generates a surge of confidence
and even pride. The scientists have eagerly and
meticulously approached the task of providing ideas
and suggestions regarding how to develop Svalbard
research infrastructures to enhance the scientific
output in an Earth system science perspective. Their
response to the challenge posed is overwhelming.
Including this report, 282 recommendations have
been formulated by the scientific community.

These recommendations are to some extent
wish lists, but have been constructively crafted.
All contributions to the SESS reports are peer
reviewed and are much more than wishes; they
point out pathways for enhancing research and
research infrastructure in Svalbard.

In December 2024 we received an evaluation of the
SIOS Knowledge Centre’s performance from the
Norwegian Research Council®. It contains accolades
regarding the SESS report and emphasises its
paramount significance. The Research Council
recommends investing even more resources in the
SESS report process.

The evaluation emphasises the need for institutions
and stakeholders to engage even more strongly
and identify inter-institutional common interests
amongst the recommendations of the SESS reports.
To date, all too few of the recommendations have
been put into practice. The obstacles are at the
institutional and funding levels. The scientists are
mindful of their responsibilities to write proposals
and procure funding but acknowledgement at the
institutional level is a prerequisite for success when
planning infrastructure investments. The long-term
sustainability of the astounding creativity and
production that the SESS reports manifest depend
on the institutions and stakeholders listening to the
advice from the scientific community.

| want to thank all contributors to this SESS report,
and all the previous reports as well. | want to
thank the SIOS-KC for the persistent and tireless
effort they put into making the annual SESS report
possible. The SESS reports are a defining and
shining star of SIOS.

Longyearbyen, December 2024

Kim Holmén

1 https:/www.forskningsradet.no/siteassets/publikasjoner/2024/sios-eval-report-2024.12.06-final-fix.pdf
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Executive Summary

Elaine Runge?, Roland Neuber?, Ewa tupikasza?, Christiane HUbner?, Kim Holmén?

1 Danish Hydrological Institute, Harsholm, Denmark, 2 Alfred Wegener Institute (emeritus), Potsdam, Germany, 3 University
of Silesia in Katowice, Katowice, Poland, 4 SIOS Knowledge Centre, Longyearbyen, Norway, 5 Norwegian Polar Institute,

Tromsa, Norway

The annual State of Environmental Science in
Svalbard (SESS) report has emerged as an essential
tool to summarise, complement, and develop
the Earth observing system in Svalbard. SESS
report chapters present overviews of the latest
state-of-the-art research covering Earth system
environments, whilst recommending future
research and infrastructure investment, tailored to
those specific parts of the Earth system. They are
therefore essential for knowledge sharing within
the polar community and beyond.

The 7" SESS report addresses a range of themes,
some of which have been lacking in previous
reports. In addition to ten research chapters, the
current report also describes preparations for the
next polar year and how Norwegian infrastructure
investments have contributed to SIOS. The
diversity of this year's report reflects the profound
effects of environmental change on Svalbard and
the scientific community’s urgent drive to capture
those effects from different angles. This complexity
is further reflected in the increasingly diverse and
multi-layered diagram of the themes covered by
SESS reports since 2018.

The current report spans the entire scientific realm,
from deep in the ground, via ocean, land, and their
ecosystems, to the upper atmophere, serving as a
testament to the interdisciplinarity of this year’s
edition and to what SIOS aims to achieve within
the polar community.

“Secular shift of the magnetic dip pole and its
consequences for auroral boundaries (PoleMotion)”
- addresses the consequences of long-term
variations in the geomagnetic field. It explores
decades of magnetic field observations from
Svalbard and observations of auroral boundaries,

along with potential impacts on the auroral oval
over Svalbard. Long-term changes of the local
magnetic field in Svalbard are also examined, as are
their effects on navigation and infrastructure.

“‘Geology of Svalbard: Deep-time and Deep-Earth
(SVALGEOL)” - gives an overview of Svalbard’s
geology and assesses its influences on local and
global society. Different geoscientific datasets are
outlined, followed by a study covering the pre-
Quaternary period and the integration of data from
Earth’s surface to its interior, both elucidating the
variations in global climate over time.

“Surging glaciers in Svalbard: Current knowledge
and perspectives for monitoring (SvalSurge)” -
discusses the benefits and limitations of different
approaches used to monitor and detect glacier
surges in Svalbard. The authors provide a new
and updated database of Svalbard’s surge-type
glaciers, highlighting the surge-type behaviour of
some of the larger glaciers and potential impacts
on different Earth systems.

“Methane in Svalbard (SvalGaSess)” - presents the
rising atmospheric methane concentrations and the
limited understanding of the processes that drive
methane emissions in the Arctic. The potential to
use Svalbard as an example of under-studied ice-
covered low-land locations is highlighted. Improved
knowledge about methane production, removal and
transport helps create reliable estimates of present-
day and future methane emissions throughout the
archipelago. This is vital to help society manage
greenhouse gases.

“The Atlantification process in Svalbard: a broad
view from the SIOS Marine Infrastructure network
(ARIS)” - discusses how oceanic water masses in

SESS Report 2024 - The State of Environmental Science in Svalbard



the Svalbard region change due to influx of Atlantic
Water and interactions between water masses on
the continental slope, the shelf and in the fjord
systems (called “Atlantification”). It presents marine
time series spanning the last two decades.

“Microbial
environmental changes in Svalbard (MicroSIOS)
- gives an overview of microbial communities in
Svalbard, focusing on poorly studied connections
with climate change, chemical pollution, antibiotic
resistance, and spread of pathogenic species.
Insights into the use of microbial variables as
proxies of environmental changes are outlined.

communities as sentinels of

)

“Terrestrial and freshwater invertebrate science
in Svalbard in a changing world: from regional to
pan-Arctic scales (STAFIEN)” - summarises current
knowledge and investigates the significance
of invertebrates in the Arctic. It identifies
key knowledge gaps, opportunities and data
requirements concerning the regional invertebrate
fauna and examines how SIOS could contribute to
closing those gaps.

“Operationalisation of COAT in SIOS - an example
of adaptive ecosystem-based monitoring in practice
(COAT)" - The COAT project is an ecosystem-based
long-term biosphere monitoring tool essential to
assessing impacts on terrestrial ecosystems. Here,
the essence of the climate monitoring network and
the five biotic monitoring modules are presented,
along with a description of their status.

“Understanding and analysing recurrent warm
events in Svalbard: a comprehensive review on
land cryosphere (AWARE)” - focuses on extreme
temperature events (heatwaves) and their
implications for Svalbard’s fauna and inhabitants.
While rain-on-snow events can be detected with
satellite remote sensing and atmospheric analysis,

assessing their repercussions on Svalbard’s
environment, economy, and communities requires
further investigation and close cooperation
between scientific disciplines.

“Assessing anthropogenic and natural aerosol
sources in the Arctic: A baseline to detect
changes due to climate change (AAA-Source)” -
discusses current Arctic aerosol composition and
sources and presents existing data on its main
and trace components. It aims to inform citizens
and policymakers about the present-day aerosol
composition in the Arctic and enable modellers to
predict the future state of Arctic aerosols.
“Towards an integrated data-driven infrastructure
(InfraNor)” - The InfraNor project illustrates the
importance of national investments in research
infrastructure in Svalbard and its surrounding
oceans. Emphasis is on upgrading existing and
establishing new infrastructure to achieve a
more coherent dataset among sites with similar
instruments, thus enabling comprehensive research
on urgent Earth system science questions. New
technology can also reduce the footprint of future
scientific activities in Svalbard.

“‘SIOS’ contribution to the ICARP IV process
(SICAR)” - ICARP IV invites community-wide
engagement to prepare for research planning
for the next decade. SIOS’ input was based on a
workshop with group and panel discussions, and
recommendations from previous SESS reports,
weighted for pan-Arctic relevance.

We thank all authors for their dedication and
contributions to this 7 SESS report. Its thematic
diversity emphasises the importance of an
interdisciplanary approach to monitoring recent
and future developments in Svalbard and beyond.
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CHAPTER 1

EISCAT Svalbard radar with aurora. (Photo: Katie Herlingshaw)

Secular shift of the magnetic dip pole

and its consequences for auroral

boundaries (PoleMotion)

HIGHLIGHTS

e The Earth’s northern magnetic dip pole has
moved 1500 km over 30 years.
Geomagnetic field changes have led to an
equatorward shift of the auroral oval over
Svalbard.

Magnetic field observations in Svalbard show
an unexpected increase in strength despite
models suggesting a weakening dipole moment.

AUTHORS
Haaland S (UNIS)

Barros F (LIACC, IRAP,
CAUP)

Bjoland L (NIPR)

Breedveld M (Svalbard
Adventures)

The Earth’s northern magnetic dip pole has
shifted approximately 1500 km over the past 30
years, moving several tens of kilometres annually
due to changes in the flow of metal alloys within

Click here for
full chapter

Earth’s interior. The geomagnetic field influences
the aurora’s location, leading to questions about
whether it shifts with the magnetic pole. This work
investigates long-term geomagnetic field variations
and their impact on the auroral oval, as observed
in Svalbard. Observations of the magnetic field at
Hornsund, Svalbard, reveal a magnetic field rotation
consistent with the dip pole motion.

Using satellite remote sensing, we show that the
aurora over Svalbard is slowly but consistently
moving equatorward. Observations using the
EISCAT Svalbard radar seem to confirm this motion,
though more investigations are needed before
definitive conclusions can be drawn from EISCAT.

Variations in the local magnetic field have significant
societal implications, particularly for navigation
and infrastructure in Svalbard. The magnetic field
remains crucial for navigation, and any changes

SESS Report 2024 - The State of Environmental Science in Svalbard




in magnetic field direction imply that maps and
navigation aids need to be updated. For example,
runway designations and approach procedures at
airports are based on magnetic orientation. These
must be revised as the magnetic field changes.
At Longyearbyen airport, runway designations
were recently changed due to changes in the
geomagnetic field.

Workers updating the runway signage at Longyearbyen
airport due to changed magnetic field. (Photo: Ine
Therese Pedersen)

Map showing the movement of the magnetic dip pole over the last 125 years. Since 1995, the dip pole has moved
approximately 1500 km. (Map: Lindis Bjoland)

SUMMARY

RECOMMENDATIONS

Harmonise Data Formats and Integration:
Standardise and harmonise the data formats
for magnetic field measurements from Svalbard
and make them accessible through the SIOS
Data Access Portal.

Standardise Satellite Data Formats and
Documentation: Ensure that all remote sensing
data, especially from satellites, are available
in a single, well-documented file format with
proper metadata.

Enhance Ground-Based Instrumentation
Compatibility: Develop strategies to ensure
that data from the next generation of ground-
based instruments, like the EISCAT 3D radar,
are comparable with existing systems despite
differences in their operational characteristics.

1 PoleMotion



CHAPTER 2
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Geology of Svalbard: Deep-time
and Deep-Earth (SVALGEOL)

Click here for
full chapter

HIGHLIGHTS

e Svalbard'’s settlements and infrastructure are controlled by the surrounding geology and associated coal
resources

e Svalbard’s rocks allow us to study climate evolution over the past 500 million years

e Deep-Earth processes in Svalbard’s crust and mantle are associated with earthquakes, land uplift and past

volcanism
AUTHORS
Senger K (UNIS, Univ Hodson A (UNIS, HVL) Minakov A (UiO) Sliwinska KK (GEUS)
Birzmen) Horota R (UNIS, UiB) Ogata K (UNINA) Smeraglia L (CNR)
Ammerlaan £ (UNIS) Hurum J (NHM) Olaussen S (UNIS) Smyrak-Sikora A (NTNU)
BeticmIENG) Jones M (UMU, UiO) Osmundsen PT (NTNU,  Spiegel-Behnke € (Univ
Dumais M-A (NGU) Kierulf HP (NMA) UNIS) Bremen)

Planke S (UiO, VBER) Zuchuat V (RWTH,
CSIRO)

Fagles G (AWI) Majka J (UU, AGH)

Foster W (UHH) Marsden L (MET Ruppel A (BGR)

Geissler WH (AWI) Norway, UNIS) Sartell A (Univ Helsinki,
Grundvag S-A (UIT, Michalski K (IG PAS) NI

UNIS) Shephard GE (UiO, ANU)
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SUMMARY

Geology is omnipresent in Svalbard, defining

among other parameters the location of all major RECOMMENDATIONS
settlements. The SVALGEOL chapter provides an We recommend that the geosphere is more tightly
overview of the geology of Svalbard, and how it integrated into SIOS activities. Specifically, in arenas

influences local and global society. We briefl where a geoscientific “geospatial” approach can be
& Y Y used as a foundation to characterise relationships

descri‘be the history of geologicaI. gxploraﬁon 'and between the geosphere and other spheres. We
mapping of Svalbard, before outlining the various have outlined five major recommendations in the
data sets geoscientists use in their work. We then SVALGEOL chapter, each with a series of concrete
focus on two key aspects of geology: the study of implementations, namely:

« o - . o GEOSPHERE: Further promote and support the
deep-time” (i.e., rocks older than 2.58 million years; geosphere as a key element within the SIOS

the pre-Quaternary period) and the study of “deep- community.

Earth’ (i.e., integration of data from Earth’s surface * DATAMANAGEMENT: Support geoscientists in

to the interior). By investigating the Earth System at makmg_ the'F TSRS Ceie ity ﬁnda.ble’
. . ) accessible, inter-operable and re-usable (i.e.,

the scale of millions to billions of years, geologists FAIR).

can decipher how the global climate has varied e STORAGE: Actively support proper

through time. Furthermore, studying different documentation, re-use and long-term storage

. I . . h linki of physical geological material.

proxies allows us.to mves’ggatet e processes |‘n ing « DATA PRODUCTS: Transform geoscientific

the geosphere with the biosphere (e.g., evolution of data into products with societal or scientific

life, recovery following mass extinctions). By using relevance.

field and various geophysical data, geologists can » CONNECTION: SIOS should use its role as a

platform to further connect the geosphere with
other scientific communities.

understand the properties of the Earth from its
surface to its core, and the processes causing them.
Furthermore, by coupling deep, shallow and surface
observations with a time component, geoscientists
can characterise the underlying processes that
also influence society (e.g., natural gas emissions,
permafrost development, geothermal potential,
earthquakes).

Geologists studying Devonian outcrops at Sgre
Bolleneset in Dicksonfjorden as part of the UNIS
AG-X51 course on Arctic Tectonics and Volcanism in
October 2022 (see Senger et al. (2024d) for details on
the course). The QR codes point to short videos giving
insights into geoscientific fieldwork, such as the Svalbox
data acquisition campaign to Van Keulenfjorden in 2021
and an international research expedition to Woodfjorden
in 2023. (Photo: Fenna Ammerlaan)

The mountain Hiorthfjellet (seen
here as viewed from the shooting
range) provides a spectacular

Wl 7
\\v)/ / TN A N backdrop for everyday life in
----- = 2 hL *,‘t Séqjl_!lllan years:

Hiorthfjellet

e - e

Longyearbyen and illustrates the
gkl societal relevance of geology
(i.e., coal mine entrance, white
M " arrow) and the largest “‘gap” of

A 34 million years in the geological
record between the Early
e R Cretaceous and the Palaeogene
(Photo: Kim Senger). Annotations
inspired by Piepjohn et al. (2012).
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The terminus of Borebreen in April 2024 during the peak of its surge. In winter 2023/24, the glacier doubled in
speed and the front destabilised, forming a chaotic pattern of crevasses. (Photo: Richard Hann)

Surging glaciers in Svalbard:

Current knowledge and perspectives
for monitoring (SvalSurge)

HIGHLIGHTS

e We have compiled a new database of glacier
surges in Svalbard and key surge characteristics.

e There are considerable observational gaps in
documenting surges, including velocity changes
and impacts of surges on glacier mass balance.

» We need to extend the observational time series
of glacier surges through palaeo-glaciological
analysis and interpreting historical archives.

AUTHORS
Harcourt WD (UoA) Benn D (StA)

Pearce DM (NMBU) Kohler J (NPI)
Gajek W (IG PAS) Kaab A (UiO)
Lovell H (UP) Hann R (NTNU)
Luckman A (SU)

Click here for
full chapter

Glacier surges are cycles of long-lasting slow flow
followed by a relatively short phase of fast flow
where a glacier undergoes a 10/100-fold increase
in velocity. These cycles are driven by internal ice
dynamics and are not related to external forcing. In
this chapter, we review the benefits and limitations
of different approaches for monitoring and
detecting glacier surges in Svalbard. Since 2000,
satellite monitoring has enabled detection of most
large surges, and the launch of the Copernicus
Sentinels since 2014 has further enhanced our
monitoring capabilities. In the satellite era (1970s
onwards), surges have been detected based upon
tracking the speed of glaciers over time, elevation
changes, and more recently automatically detecting
surface changes related to a surge such as increased
crevassing. Geophysical sensors are critical for
observing subglacial conditions and further work
is required to improve deployment strategies on

SESS Report 2024 - The State of Environmental Science in Svalbard



heavily crevassed glaciers. Furthermore, we have
compiled a new and updated database of surge-
type glaciers in Svalbard and find that 36% of
glaciers display surge-type behaviour, rising to
51% when removing glaciers smaller than 1 km?2.
Only 9% of glaciers have been directly observed to
surge. Surges have a significant impact on glacier
mass balance, but their impact is variable in time.
Therefore, we need to closely monitor when surges
occur and how much ice is discharged downglacier
and subsequently lost. This has implications for
regional mass balance, sea level rise, and the influx
of freshwater into the ocean which alters ocean
circulation patterns and marine ecology.

The surging front of
Nathorstbreen, Van
Keulenfijorden, in summer 2012.
The advancing glacier pushed
and thickened seafloor muds
until they broke the fjord surface,
grounding ice blocks that had
broken off the heavily fractured
front. (Photo: Harold Lovell)

SUMMARY

RECOMMENDATIONS

Develop a portable “glacier observing system”
consisting of geophysical instruments and
GPS sensors that can be rapidly deployed on
an actively surging glacier to study subglacial
conditions and ice dynamics.

Improve quantification of the impact of surges
on mass balance, e.g., combining close-range
sensors with satellite observations of surface
elevation change.

Generate long-term data sets of glaciers surges
in Svalbard (e.g., velocity, volume, terminus
change).

Systematically catalogue fundamental surge
behaviour (e.g., surge onset year, surge
termination year, terminus change, max velocity
in active phase, mean velocity in the quiescence
phase).

Analyse and document the processes that
trigger a surge, through which a classification
of surge triggers may be generated.

The surge front of Scheelebreen on 5 April 2022.
Scheelebreen was land-terminating until the surge
led to a terminus advance, transitioning the terminus
to marine-terminating. 3D model can be found here:
https:/skfb.ly/o9nCn. (Photo: Erik Schytt Mannerfelt)

3 SvalSurge
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CHAPTER 4

Wetlands in Adventdalen, an ideal site for active layer methane dynamics, studied here using automatic chambers
in its ice wedge polygons. (Photo: Norbert Pirk)

Methane in Svalbard (SvalGaSess)

Click here for
full chapter

HIGHLIGHTS Methane is a powerful greenhouse
« Data from Ny-Alesund, Svalbard contributes to the global network gas whose emission into the
documenting rising atmospheric methane levels atmosphere from Arctic environments

e Methane from}mmro!mal and geologlcal sources is slowly released is increasing in response to climate
from Svalbard’s glacier margins, wetlands and fjords . .

 Major methane outbursts from beneath permafrost and glaciers change. At present, the increase in
have occurred in the past atmospheric methane concentrations

recorded at Ny-Alesund and globally
threatens the Paris Agreement goal

AUTHORS of limiting warming to 2 degrees,
Hodson A(UNIS,  Senger K(UNIS)  Damm E (AWI) pr:eferab('jy 1.5 iegrees’ by increasing
s Tveit A (UIT) Rémer M (MARUM) the ”ez fotr ad?temef”ttf]' Hiwe_ve?
i our understanding of the sical,
Klistotr € (L) Guress L (UB, Fransson A (NPI) . ng ot the Py
Platt S (NILU) UNIS) o chemical and biological processes
Kalenitchenko D ten Hietbrink S (SU) chieric M IMY that control methane in the Arctic
(ULR, UiT) Delpech L-M (UIT, are strongly biased towards just a

Hollander J (UNIS, UNIS)

Hensgens G (UNIS)  UiT) few lowland sites that are not at

Firk N{UIO) all like Svalbard and other similar
Fynn Tl Ammerlaan F Sen A (UNIS) _ ' ’
(Aberystwyth Univ)  (UNIS) en mountainous, ice-covered regions.

Redeker K (UaY) Svalbard can therefore be used to

better understand these locations.
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Svalbard’s methane stocks include vast reserves
of ancient, geogenic methane trapped beneath
glaciers and permafrost. This methane supplements
the younger, microbial methane mostly produced
in waterlogged soils and wetlands during the
summer and early winter. Knowledge about the
production, removal and migration of these two
methane sources in Svalbard’s complex landscapes
and coastal environments has grown rapidly
in recent years. However, the need to exploit
this knowledge to produce reliable estimates of
present-day and future emissions of methane from
across the Svalbard landscape is now paramount.
This is because understanding these quantities
is absolutely necessary when we seek to define
how society must adjust in order to better manage
greenhouse gases in Earth's atmosphere.

SUMMARY

RECOMMENDATIONS

We recommend the initiation of systematic,
interdisciplinary studies so that methane-
relevant processes and budgets can be
quantified for the different terrestrial and
aquatic habitat types across Svalbard.

We also propose to make Svalbard a more
important node for quantifying the Arctic
methane budget through infrastructural
investments near settlements that promote
calibration of forthcoming satellite data products
and standardisation/harmonisation of emerging
technology (such as low-cost sensors or drones).
We also recommend more specific research
actions targeting process uncertainty, such as
fluid migration dynamics beneath permafrost,
glaciers or fiords.

A methane seep at Farstehytte Pingo in Adventdalen: one of four pingos in the valley where methane is

released all year. (Photo: Andy Hodson)

Vallakrabreen in Central Svalbard, recently described in the first studies of methane release from Svalbard’s

glacial drainage systems and now experiencing a powerful surge. (Photo: Gabby Kleber)

4 SvalGaSess
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CHAPTER 5

K-Lander deployment at S@rkfa':'p’b. sauthérn -

Spitsbergen. (Photo:'Bén;édicte Ferré) :

The Atlantification process in Svalbard:
a broad view from the SIOS Marine
Infrastructure network (ARiS) full chapter

Click here for

HIGHLIGHTS

Atlantification (i.e., the increasing influence of Atlantic waters) is an ongoing process in Svalbard leading to
ocean warming. Several long-term time series from marine observatories from south to north of Svalbard show
both seasonal patterns, multi-year cycles and long-term changes, including sea water freshening since 2018.

AUTHORS
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Arctic marine systems are vital to the Earth’s
ecological and climatic balance and harbour a
unique biodiversity adapted to extreme conditions.
However, they are under unprecedented threat from
climate change, in particular from “Atlantification”,
i.e., the loss of sea ice and the increasing influence
of Atlantic Water (AW) in this region. Long-term
observatories are crucial to detect even small
changes in these dynamic ecosystems. Svalbard,
with its easily accessible infrastructure, is a strategic
location for studying these changes. We have
identified marine time series that clearly illustrate
the signature of Atlantification in the Svalbard
region over the last two decades. These time series
provide insight into the propagation of AW and
the interaction between the continental slope, the
shelf and the fjord systems. Seasonal and multi-
year temperature and salinity patterns illustrate the
varying influence of AW, with long-term variability
showing, among others, a freshening phase since
2018, possibly related to North Atlantic freshwater
anomalies.

Arctic fogbow at the marginal ice zone in
summer 2023. (Photo: Manuel Bensi)

Mooring deployment in Kongsfjorden:
buoyancy and ballast recovery system.
(Photo: Daniel Vogedes)

SUMMARY

RECOMMENDATIONS

MAINTAIN: Long-term deep-sea observation
systems south and north of Spitsbergen to
record the variability of the Atlantic Water
inflow.

PLAN: Opportunistic and systematic
Conductivity-Temperature-Depth (CTD)
measurements in understudied areas, possibly
with Atlantic-Arctic Distributed Biological
Observatories (A-DBO) collaboration.
HARMONISE: Extensive application of oxygen
sensors to monitor deep-water ventilation and
ecosystem changes linked to Atlantification.
IDENTIFY: Key sites for ocean warming
monitoring, encouraging shared marine
infrastructure from multiple institutes.
INVESTIGATE: Carbon sequestration linked
to polar zooplankton migration because of
Atlantification.

5 ARiS
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CHAPTER 6

Wetlands and thawing permafrost in Adventdalen. (Photo: Agata Zaborska, IOPAN)

Microbial communities as
sentinels of environmental
changes in Svalbard (MicroSIOS) full chapter

Click here for

Svalbard’s ecosystems are vulnerable to climate

HIGHLIGHTS change and pollution, and monitoring systems in
« Microbial community dynamics are affected by this region are crucial. Although microorganisms
environmental changes are major drivers of biogeochemical cycles in Arctic

o Microbial diversity is a suitable tool to monitor ecosystems, microbiological variables are not yet
ecosystem health

« The study of microbiological variables is comprehensively monitored. Microbial communities
fragmentary and geographically limited in are sensitive to change and could therefore serve
Svalbard . - . as environmental sentinels. Moreover, development

© Ve sinvely of bacieral anEbieie ressmmes of pathogenic bacteria and antibiotic resistance
should be harmonised

could threaten both ecosystems and human health,
especially in sensitive areas such as the high Arctic.

A more uniform and efficient monitoring and data

AUTHORS collection system is needed to understand the
Rizzo C (CNR-ISP, @vreds L (UiB) microbial ecosystems of the present and detect
SZN-SMC) Caruso G (CNR-ISP) changes in a future warming Arctic.

Zaborska A (IOPAN) Lo Gludiee A GNR-

Marathe N (IMR) ISP) This chapter gives an overview of current
Pearce D (NU) knowledge about Svalbard’s diverse microbial

communities, their connections with climate
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SUMMARY

change, chemical pollution, antibiotic resistance,

and the potential spread of pathogenic species. RECOMMENDATIONS

We also suggest guidelines for future microbial o MICROBIAL PROXIES - Define a clear set of

community monitoring and use of microorganisms microbial variables to test microbes for suitability

as environmental sentinels as potential sentinels of environmental changes
' in Svalbard.

e [ONG-TERM MONITORING PROGRAMMES -
Encourage supplementation of existing marine
and terrestrial infrastructure with technological
systems that would enable collection of long-
term data time series on microbial ecology in
key areas of Svalbard and in seasons that are
poorly covered at present.

e IMPLEMENTATION - Promote a spatially
well distributed long-term microbial survey,
prioritising studies in eastern Svalbard. Identify
regional hotspots of climate change.

e INTERDISCIPLINARITY - Integrate analysis
of environmental and microbial community
variables to relate microbial communities to
other disciplines. Include microbial variables
in climate models.

« HARMONISATION AND STANDARDISATION
- Draft a handbook of standardised procedures
and harmonised management of data on
microbial abundance/structure/function. Define
antibiotic resistance breakpoints for the Arctic.

Calving of the retreating and intensively melting
Storbreen glacier, Hornsund. (Photo: Agata Zaborska,
IOPAN)

Microbial mats at the bottom of Yoldiabukta and Hornsund. (Photo: Kajetan Deja, IOPAN)
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CHAPTER 7

Dagger fly covered with pollen sitting in a flower, demonstrating the importance of these insects in pollination’in
regions like Svalbard where specialised pollinators such as bees do not occur. (Photo S.J. Coulson)

Terrestrial and freshwater invertebrate
science in Svalbard in a changing world:
from regional to pan-Arctic scales

(STAFIEN - Svalbard Terrestrial and

Click here for

Freshwater Invertebrate Ecology Network) full chapter

HIGHLIGHTS

Invertebrates are an integral part of all terrestrial and
freshwater ecosystems yet their ecology is poorly understood
in the Arctic. Svalbard provides a unique location for
strengthening multidisciplinary knowledge of these organisms
and understanding their role and resilience in a changing world.

AUTHORS

Coulson SJ (UNIS) Sgrensen JG (AU)
Gillespie MAK (HVL) Gwiazdowicz DJ (PULS)
Loonen MJJE (Univ Seniczak A (INN)
Groningen)

Bahrndorff S (AAU)
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Invertebrates are ubiquitous. Diverse
in form and function, they play crucial
roles in ecosystems: for example as food
for other organisms, as pollinators, and
as decomposers. Invertebrate species
vastly outnumber vascular plants, birds
and mammals combined, but we know
little about them and their roles due to
challenges in identification, sampling,
access, and funding.

One of the world’s fastest changing
environments, Svalbard is also a hotspot
for multidisciplinary environmental
research, ideal for studying responses
to change. Nonetheless, comprehensive



SUMMARY

biodiversity surveys across Svalbard are still needed,
to better inform governance actions aimed at RECOMMENDATIONS

protecting this unique environment. e Document biodiversity and drivers of change over
time. Knowledge of the current invertebrate

Research on Svalbard’s terrestrial and freshwater fauna s key to documenting change. However,
a serious lack of baseline and long-term data

invertebrate community is key to understanding prevents even basic analyses.
resilience and vulnerability to environmental change. e Secure logistical and infrastructural support for
Upscaling results from Svalbard will help us assess sustained invertebrate research in Svalbard. Many

threats and consequences across the whole Arctic. invertebrate populations vary I sl sy
from year to year. Documenting a response to

environmental change requires multi-year data

R —— collection to distinguish long-term responses
from year-to-year fluctuations.

e Collaborate more. The logistics Arctic research
require that disciplines collaborate and exploit
science opportunities judiciously. There are
clear opportunities for broader collaboration,
for example the tourist industry, the Governor's
office, or institutions doing environmental
monitoring of Svalbard, to gain access to less
accessible regions.

e Create online collaboration tools to enhance
data collection. Each discipline has methods
and protocols that must be followed to obtain
reliable data. Tools such as a protocol handbook
enable closer collaboration with other players
in Svalbard.

e leverage SIOS to unlock new research
opportunities. With its broad scientific network,
SIOS can promote invertebrate science in
Svalbard and for interdisciplinary collaboration
on sample collection during fieldwork and
other research activities.

The endemic (i.e. only known from Svalbard) aphid Acyrthosiphon svalbardicum on Dryas flower. The local
distribution of this species is limited by summer temperatures, and it only occurs on D. octapetala in warm and
sunny locations where the ground is released from winter snow cover early in the spring. (Photo S.J. Coulson)

Example of the diversity of
microarthropods recovered from a soil
and vegetation extraction, including
springtails, mites, spiders and beetles.
(Photo S.J. Coulson)
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Operationalisation of COAT in SIOS

- an example of adaptive ecosystem-
based monitoring in practice (COAT)

Click here for
full chapter

COAT is a long-term observation system

HIGHLIGHTS for real-time detection, documentation,
The Climate Ecological Observatory for Arctic Tundra understanding and prediction of climate
(COAT): impacts on Norwegian Arctic tundra

e |s an adaptive, ecosystem-based, long-term
monitoring programme for Norwegian low and high
Arctic tundra ecosystems.

ecosystems. During 2016-2023, COAT set
up research infrastructure for data collection,

28

Implements five biotic monitoring modules, focusing
on climate sensitive, key components of the terrestrial
food web, and a climate monitoring network.

Is in a long-term, operational phase of the monitoring.

AUTHORS
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field logistics and data management across
five food web monitoring modules, covering
key components (predators, herbivores,
vegetation) and a climate monitoring network.
Since 2024, COAT receives state funding for
the operational phase.

The long-term monitoring utilises automated
(e.g., camera traps, sound stations, telemetric
devices), and semi-automated (e.g., drones
and satellites) infrastructures and manual field
measurements (e.g., censuses of abundance,
demography and vital rates, herbivore



exclosures). The study designs and measurements
capture climate gradients and contrasting
management regimes.

Eight full-scale automatic weather stations and over
300 ground surface temperature loggers form the
core of COAT’s climate monitoring network. The
stations provide hourly real-time data on central
climatic variables (e.g., air, soil and permafrost
temperatures, precipitation, and snow depth),
all likely drivers of ecosystem components, and
essential for monitoring basal ice cover, snowmelt
timing, permafrost thawing and season start.

Svalbard has had three consecutive record-breaking
summers (2022-2024). The rapid and substantial
changes in climatic conditions, particularly rising
surface and permafrost temperatures, longer,
warmer growing seasons, and shorter snow-covered

/ -~
/ ﬁocus habitats with module statiom\
f

*  Mosstundra

* Dryasridge

Variables field monitoring

* Forage plant biomass

* Nutrient content plants

* Pink-footed goose grubbing
* Soil temperature

Focus areas in remote-sensing
* Drone: covering vegetation station
+ Satellite imagery: Svalbard

Variables remote-sensing
* Drone: RGB, NDVI, vegetation type
extent

= Satellite imagery: Max NDVI, season
development, herbivore habitat use

Moss tundra habitat

COAT vegetation module station

Dryas ridge habitat

SUMMARY

RECOMMENDATIONS

We suggest COAT should:

o Quantify the conceptual models, including multi-
driver analyses with climate and management
as the main impact pathways, for the biotic
modules not yet quantified.

o Develop short-term, iterative predictive models
for key components of the terrestrial food web,
based on quantified causal relations, to provide
management recommendations.

season, are impacting the terrestrial ecosystem.
Herbivore abundances are increasing in response
to the prolonged snow-free season, greening and
warmer winters, which increase forage availability
and thus survival and reproduction. COAT does
extensive field-based monitoring of vegetation,
producing data to improve understanding of
bottom-up processes in the terrestrial food web.
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Overview of the study designs, focal habitats and variables collected at the 57 vegetation monitoring module
stations in the two COAT Svalbard regions - Brggger Peninsula in the northeast, and Nordenskiold Land in central
Spitsbergen. (Photos: Jakob Assmann, NPI (left), Virve Ravolainen, NPI (right))

8 COAT
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CHAPTER 9

Water pool formation near h’é N

(Photo: Ireneusz Sobota, NCU)
- =

Understanding and analysing recurrent
warm events in Svalbard: a comprehensive
review on land cryosphere (AWARE) full chapter

Click here for

The Svalbard archipelago is

HIGHLIGHTS experiencing rapid climate-driven
« Increased frequency of extreme events in the Svalbard archipelago transformations, characterised by
during winter increasingly frequent and intense

e Direct consequences of extreme events on the annual coastal anomalous weather conditions
snowpack and hydrological system '

o Direct impact of extreme events on the ecosystem and local fauna known as “winter warm spells
* Improved definition of metrics for the identification of extreme or “heatwaves”. Such phenomena

events are often associated with “rain-
on-snow” (RoS) events (i.e.,
occurrence of rain falling on snow

AUTHORS during winter or early spring),
Spolaor A (CNR-ISP, UNIVE) ~ Maetzke R (CNR-ISP) triggering a series of impacts
Salzano R (CNR-IIA) Malnes E (NORCE) on environmental, ecological,

. and socioeconomic spheres.
Scoto F (CNR-ISP) Vickers H (NORCE) Winter warm spells, with their
Barbaro E (CNR-ISP, UNIVE) Larose C (IGE, UiO) persistent inflows of warm, moist
Luks B (IG PAS) Dahlke S (AWI) air, lead to prolonged periods of
Laska M (UoS) Maturilli M (AWI) abnormally high temperatures,
Sobota | (NCU) frequently coinciding with RoS

30 SESS Report 2024 - The State of Environmental Science in Svalbard



events. Winter warm spells also contribute to
accelerate snow and ice melt, increase permafrost
thaw, and destabilise the ground, thus releasing
greenhouse gases and altering hydrological flow
patterns. Combined, changes in snow cover,
formation of internal ice layers, and exposure of
darker, less reflective surfaces contribute to faster
melting and raise avalanche risk. Warm spells also
affect microbial activity, potentially reshaping
biogeochemical cycles that are crucial to Arctic
ecosystems. Warm events influence the mobility
and fate of pollutants and nutrients by enhancing
transport from mid-latitudes to the Arctic. They
can hasten release of contaminants and nutrients,
especially when warm spells coincide with RoS
events. Satellite remote sensing and atmospheric
analyses have proven effective in detecting
RoS events, but comprehensive interdisciplinary
research is also essential for full knowledge of their
impact on Svalbard’s environment, economy and
communities.

Subsidence Flooding

hazard -

Avalanche ‘

hazard

[@MOM Riccardo Maetzke

SUMMARY

RECOMMENDATIONS

e Develop consistent definitions and metrics
for heatwaves and warm spells to enhance
data analysis across the Arctic in collaboration
with WMO.

e Install sensors to measure snow height, snow
water equivalent, temperature, and liquid
water content to enhance knowledge about
snow dynamics. Additionally, create long-term
research sites in Ny-Alesund, Longyearbyen, and
Hornsund to study the impact of heatwaves
and warm spells.

e Include impact assessment studies on the
marine environment, permafrost, and biology,
for a comprehensive view of environmental
changes.

o Assess societal consequences and support the
development of adaptive strategies to mitigate
impacts on Svalbard’s economy.

Snow
melting

Glacier mass
balance

Supraglacial
hydrology

Glacier
dynamics

= Proglacial
. hydrology
\ e

discharge

Sketch illustrating potential impacts generated by warm spells and heatwaves in the terrestrial cryosphere of

Svalbard. (Graphic: Riccardo Maetzke, CNR-ISP)
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CHAPTER 10

Assessing anthropogenic and natural
aerosol sources in the Arctic:

A baseline to detect changes due

to climate change (AAA-Source) full chapter

Click here for

HIGHLIGHTS

Arctic aerosol sources are changing with global warming.

Local natural aerosol currently dominates, followed by anthropogenic long-
range transported.

Metal aerosols come from anthropogenic long-range and Arctic soil sources.
Aerosols from wildfires and local anthropogenic sources need to be monitored.

AUTHORS
Becagli S (INSTM, CNR-ISP, DICUS)  Park K-T (HU)
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The natural and anthropogenic sources of aerosol
in the Arctic are changing with global warming.
At present, natural, locally produced aerosol
dominates. Besides, as sea ice and land snow cover
retreat, biogenic and crustal aerosol is expected to
increase. These natural aerosols influence climate
through effects on solar radiation, cloud properties,
and nutrient and metal cycling. Anthropogenic
aerosols transported from far away dominate in
winter-spring seasons, when they cause “Arctic
haze”. Their impact depends on both sustainable
development policies in mid-latitude countries and
hemispheric circulation patterns. In addition to
non-sea salt sulphate and black carbon, Arctic haze
contains metals that can negatively affect human
health. Aerosols from local anthropogenic sources
and wildfires have so far only been studied during
specific events, but they are expected to increase
and need to be quantified and monitored.

The chemical composition and source of aerosols
are relevant for studying air quality and public
health in densely populated regions but also in
the clean, sparsely populated Arctic. This chapter
presents current Arctic aerosol composition and
sources and warns that atmospheric aerosol load
and toxicity could increase in the future. The aims

Barrow Atmaospheric

BaselineObserv__ P!

SUMMARY

RECOMMENDATIONS

» Increase the quality and quantity of observations
in the Arctic using long-term monitoring and
intensive field studies, applying innovative
techniques. Several metals and compounds
need to be monitored continuously because
they are toxic or serve as tracers for aerosol
sources. Measuring methanesulphonate and
levoglucosan is desirable to quantify biogenic
aerosol and biomass burning aerosols,
respectively.

e Foster a new generation of scientists by
periodical schools for atmospheric research
in the Arctic.

e Develop trans-disciplinary approaches. This
can be done by organising workshops involving
social and economic researchers alongside
atmospheric scientists.

are: 1) to give experimental input to modellers to
predict the future state of atmospheric aerosol; 2)
to inform citizens about air quality; 3) to stimulate
policymakers to promote sustainable development;
and 4) to provide a baseline against which future
data can be compared, to evaluate changes in the
atmospheric composition.

Aerosol sampling stations in the Arctic. For each site, the flag of the country hosting the station is shown.
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CHAPTER 11

The InfraNor distributed
installations within the
atmosphere, terrestrial, ocean
and common modules. Map by
Anders Skoglund (NPI).
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Towards an integrated

data-driven infrastructure
(InfraNor) full chapter

Click here for

HIGHLIGHTS

SIOS-InfraNor:

» has established and operates a multidisciplinary, state-of-the-art observational system in Svalbard for marine,
terrestrial and atmospheric research,

» has developed, upgraded and renewed the Norwegian infrastructure node of SIOS, making the information
available in a standardised manner to the international scientific community,

e maintains long-term monitoring to deliver consistent time series data, crucial for evaluating environmental
changes in a high Arctic region facing the most severe climate change.

AUTHORS
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Isaksen K (MET Norway) Ravolainen V (NPI) Lihavainen H (SIOS-KC)
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The InfraNor project illustrates the importance of
the national investments in research infrastructure,
in Svalbard and its surrounding oceans, including a
coherent data management system. It constitutes
the Norwegian contribution to SIOS for the benefit
of its members and their communities.

[t tallies 42 items (infrastructures and space-related
research activities/products) already implemented
or soon to be fully implemented under the
responsibility of 14 Norwegian research institutions.
Emphasis is on upgrading existing and establishing
new infrastructure to produce a more coherent
dataset among sites with similar instruments to
help to address Earth System Science questions
related to Global Change.

InfraNor focuses also on developing new
technology that will reduce the footprint of future
scientific activities in Svalbard, e.g., by deploying
instrument pods aboard commercial airliners in
regular traffic to map ocean characteristics.

Selected InfraNor Infrastructure: a) ocean glider (Photo: Rudi Caevyers), b) multirotor radar drone (Photo: Rolf
Ole), ¢) permafrost borehole drilling (Photo: Ullrich Neumann), d) Dornier DO228 aircraft instrument pod
(Photo: Agnar Sivertsen, e) SOUSY radar VTOL drone (Photo: William Copeland), f) Etonbreen automatic
weather station (Photo: Thorben Dunse), g) Pandora spectrometer (Photo: NP/NILU), h) SOUSY radar

(Photo: Njal Gulbrandsen).

SUMMARY

RECOMMENDATIONS

To monitor rapid climate shifts and their impacts
in the Arctic, it is vital to secure long-term
funding for Svalbard’s observatories and ensure
open, accessible, and well-documented data to
foster collaboration and wider research use.
Enhanced use of different levels of remote
sensing (e.g., satellites, aircraft, drones) could
be supported by various funding tools, e.g.,
transnational access support from EU, SIOS
access programme. Higher-level product
development and user training workshops would
lower user barriers.

The data produced by SIOS and supported by
projects like SIOS-InfraNor should be evaluated
against Copernicus service requirements in
cross-disciplinary working group meetings. The
recently published Copernicus Polar Roadmap
2024 highlights the evolution of these services.
In reference to the updated Copernicus
Roadmap and its recommendations, a re-analysis
of observation gaps is strongly recommended.
Further synergies should be sought by
integrating SIOS InfraNor data (e.g., vegetation
and snow data) as drivers of ecosystem change,
particularly related to the long-term ecosystem-
based monitoring done by COAT and other
SIOS-related projects.

11 InfraNor
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CHAPTER 12

An all-sky image of the red-domina‘Wra. (Image credit: The Kjell V&sen Observatory)

SIOS’ contribution to the
ICARP IV process (SICAR)

HIGHLIGHTS

The SESS reports and the recommendations
contained therein create a solid foundation for
SIOS’s contribution to the ICARP IV process. A
workshop held in Longyearbyen in January 2024
provided additional multidisciplinary contributions.
The workshop participants represented various
Earth System Science fields and career stages.

AUTHORS

Lihavainen H Partamies N (UNIS)
BIORHNC) Mohaupt V (AWI)
SIEN S NEFO, Matero | (SIOS-KC)

Godgy @ (MET
Norway, SI0S-KC) Jones EL (SIOS-KC)

Luks B (IG PAS) Denkmann R

(SIOS-KC)
Steen H (NPI) Morris A (SIOS-KC)
Baddeley L (UNIS)

Click here for
full chapter

This chapter presents the contribution of the
Svalbard Integrated Arctic Earth Observing System
(SIOS) to the IV International Conference on Arctic
Research Priorities (ICARP V1),

ICARP IV is a process for Arctic Research Planning
for the next decade. The process is ongoing,
spanning from 2022 to 2026. It will discuss the
state of Arctic science, as well as the Arctic’s role in
global affairs and systems, to:

consider the most urgent knowledge gaps,
Arctic research priorities and needs for the next
decade

explore avenues to address these research
needs

1  https:/icarp.iasc.info/
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SIOS organised a workshop as a part of the SIOS
Polar Night Week 2024, seeking community input
and including a panel discussion with keynote
speakers. SIOS’ contribution to the ICARP IV
process is based on the workshop discussions,
recommendations from the six SESS reports
published so far, and a synthesis report compiled
from the first four SESS report recommendations.
The recommendations were selected based on
their pan-Arctic relevance.

SIOS recommends that ICARP IV be ambitious.
It should favour long-term observations in
multidisciplinary contexts. SIOS also recommends
co-location of observations as this has multiple
benefits, one being a huge potential to decrease
the environmental footprint of science.

SUMMARY

RECOMMENDATIONS

Ask bold questions. What do we need to do to
make sure the world remains liveable for future
generations? Finding answers to such questions
requires broad collaborative networks like SIOS.
Improve multidomain integration of science,
ideally based on long-term, continuous time
series supplemented by implementation of
new technology.

Encourage co-location of observations to focal
sites for researchers from multiple disciplines.
This will also encourage cross-disciplinary
cooperation and new joint scientific initiatives.
Minimise duplication of observations and
datasets through cooperation and coordinated
use of infrastructure and logistics, thus also
minimising the environmental impact of
research.

Leverage interest in the Arctic by bringing
together researchers from around the world to
share data and infrastructure (e.g., within SIOS),
build common understanding, and ultimately
shape environmental policy in a geopolitically
strategic and resource-rich region.
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8 hydrological stations + dornier operation area Hausgarten observatory  s% riometers x sattelite remote sensing

SIOS obs;ervah'on infrastructure in Svalbard, with insets of the three main science hubs - Longyearbyen, Hornsund
and Ny-Alesund - to present the various types of observations in greater detail. (Christiansen et al. 2024,
republished with permission from Copernicus Publications under licence?)

1 https:/publications.copernicus.org/for_authors/licence_and_copyright.html
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1. Introduction

The magnetic dip pole is the location on Earth’s
surface where the observed geomagnetic field
is vertical. During the last 30 vyears, the position
of Earth’s northern magnetic dip pole has shifted
almost 1500 km, and continues to move several
tens of kilometres every year (Yizengaw 2020).
This motion, illustrated in Figure 1, reflects the
large scale changes in the flow of metal alloys in
Earth’s outer core (Metman et al. 2020; Landeau
et al. 2022).

Geomagnetic field models can also be used to
define geomagnetic poles. The geomagnetic poles
are usually computed from the first few coefficients
of a magnetic field model, such the International
Geomagnetic Reference Field (IGRF) (Alken et al.
2021). The IGRF representation of the magnetic
field includes a magnetic dipole at the centre of
Earth, and the geomagnetic poles are where this
dipole axis intersects Earth’s surface. The model-
based magnetic poles are not identical to the dip
poles, and show a less dramatic shift over the last
decades. Many popular space weather applications,
e.g., the Aurora Forecast 3D App (Sigernes et al.

180°
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2011) illustrated in Figure 1 use this geomagnetic
pole as origin.

Aurora is generated by electrons travelling along
the magnetic field and eventually hitting atoms and
molecules in the upper atmosphere (Paschmann
et al. 2002). The location of the auroral oval is
thus largely governed by the configuration of the
geomagnetic field. A valid question is therefore
whether the location of the aurora shifts in
response to the moving magnetic pole. Earlier
attempts to address this question, e.g., Tsyganenko
(2019) used models of the magnetic field to assess
displacement of the aurora due to secular magnetic
changes. They concluded that any changes in
aurora would be miniscule, and that the location
of the auroral oval was determined almost entirely
by space weather effects. More recently, Zossi et
al. (2020, 2021) used both model data and satellite
observations to study secular changes due to
the dip pole motion. They found indication of a
shrinking polar cap area, i.e., a poleward motion of
the auroral oval during a 30 year period.

NB0°47°'33" W74°08'07"
28,01.24 09:00:00 UT
03:50:38 AST

Figure 1: Left: Map illustrating the shift of the magnetic dip pole (magenta) and dipole model pole (black) since 1900 (Alken
et al. 2021). Right: A model of the quiet auroral oval as used in Aurora Forecast 3D, a popular App for smartphones. The
red segment of the auroral oval indicates the magnetospheric cusp, a region of space magnetically directly connected to

the solar wind.
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The present report tries to address consequences
of long term variations in the geomagnetic field by
utilising decades of magnetic field observations
from Svalbard, as well as observations of auroral
boundaries. In particular, we try to investigate
whether secular changes in the geomagnetic field

have any impact on the auroral oval as observed
over Svalbard. We also document the long term
changes of the local magnetic field in Svalbard, and
address some of the impacts on navigation and
infrastructure.

2. Consequences of magnetic field changes

2.1. Observed secular changes in the
magnetic field in Svalbard

Absolute measurements of the magnetic field are
conducted regularly at the Hornsund geomagnetic
observatory, Svalbard. Figure 2 shows the
evolution of the magnetic field at this station over
the last decades. From the horizontal components
of the magnetic field (Bx, By), we can infer an

approximately 10-degree eastward rotation of
the magnetic field direction over the last decades,
consistent with the motion of the dip pole. We
also note that the dominant vertical component
(Bz), and consequently the total magnetic field,
increases over time. In contrast, the Earth’s dipole
moment (a global feature) has decreased over
the last decades (Alken et al. 2021: Koochak and
Fraser-Smith 2017).

Hornsund magnetic field
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Figure 2: Evolution of the magnetic field in Hornsund over the last few decades. Top panel: Bx (north-south component);
Middle panel: By (eastward component); Bottom panel: Total field (blue line) and the Bz (vertical component, green line).
We note that the vertical component and total field intensity have been increasing. Also the vertical component is larger
than the horizontal components (Bx and By), meaning that the geomagnetic field is almost vertical. Short-time variations
in the plot should be ignored; they are the result of random space weather effects observed on the monthly sampling day.
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2.2. Remote sensing of auroral 1998 and 2024, covering different magnetic local
boundaries times (MLT). Each satellite crosses the Northern
Hemisphere auroral oval at approximately 850
Aurora is generated when electrons accelerated  km altitude twice per orbit (in, out). Each orbit
along the magnetic field lines interact with  takes approximately 110 minutes, resulting in
atoms and molecules in the upper atmosphere.  approximately 14 orbits every day. The time
Consequently, when low orbit satellites in polar  resolution of the measurements is 2 seconds,
orbits traverse the auroral oval, they will typically  corresponding to approximately 150 km spatial
detect an increase in the flux of field-aligned  resolution.
electrons as they encounter the auroral oval. A
corresponding drop in flux is observed when they  Automatic boundary detection does not always
exit the auroral zone. This change in flux is often  work, but there are typically, between 10 and 20
sharp and takes place within a short time (which,  detected boundaries from each satellite each day,
for low orbit satellites corresponds to a small spatial  and a total of more than 700,000 boundaries over
distance), and can thus be used as a proxy for an  the period 1998-2024. The right part of Figure
auroral boundary. 3 shows all polar (red dots) and equatorward
(blue dots) boundaries, organised into a MLAT
Based on experience from Breedveld (2020), we  vs MLT coordinate system. The origin of this plot
used measurements of field-aligned electron fluxes  at 90° magnetic latitude (MLAT) is the modelled
from the Medium Energy Proton and Electron  geomagnetic pole (which moves slightly over time,
Detector (MEPED) on board the Polar Operational  see Figure 1), and the longitudes are given in terms
Environmental Satellites (POES) and Meteorological ~ of magnetic local time; 12 always points towards
Operational Satellites (METOPS) (Evans and Greer  the Sun, 06 towards dawn.
2002) to automatically detect such boundaries. The
left panel of Figure 3 shows an example of auroral ~ We note a significant spread of the detected
boundaries detected by the POES N15 satellite  boundaries. This can primarily be attributed to
on 1 Jan 2017. More details about the detection  space weather effects with time scales ranging from
algorithm can be found in Appendix 1. less than a minute to several days. During periods
with strong solar wind driving, magnetic flux is
For this study, we used a total of 8 different NOAA  eroded on the dayside magnetopause, leading to
and METOPS satellites in operation between  a equatorward shift of the dayside auroral oval.

it NOAA 15 auroral crossings on 1 Jan 2017
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Figure 3: Left: Example of measured electron flux (black line) during a typical NOAA 15 passage through the auroral oval.
Automatically detected boundaries are indicated by red and blue vertical lines for poleward and equatorward boundaries,
respectively. Right: Collection of all boundaries detected by 8 different METOPS and NOAA satellites between 1998 and
2024. Some of the individual satellite tracks can be discerned, as well as some obvious erroneous boundary detections.
The yellow line indicates the trajectory of the NOAA 15 satellite during the passage illustrated in the left panel.
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Correspondingly, the build-up of magnetic energy
in the Earth’s nightside magnetosphere leads to a
stretched magnetotail and associated equatorward
shift of the nightside auroral oval. Likewise, during
very quiet solar wind conditions, the auroral oval
tends to contract and move poleward, resulting in
a smaller polar cap area. These variations are often
referred to as the expanding—contracting polar cap
scenario (Milan et al. 2012).

2.3. Secular variations in location of
the auroral oval

To investigate the secular changes in the auroral
oval over Svalbard, we selected all valid boundaries
detected within a sector spanning 1-31° geographic
longitude as indicated in the left panel of Figure
1. To minimise space weather effects, we also
discarded boundaries detected during disturbed
conditions (i.e., any boundaries detected when
the Kp index was above 2+). This filtering will also

remove most of the space weather effects due to
the 11-year solar cycle and 27-day solar rotation
period (Chapman and Dudok de Wit 2024).

Figure 4 shows the 26-year trends in average
locations of the poleward and equatorward auroral
boundaries. A yearly average and linear regression
were applied to capture the long term trends.
A significant, albeit small shift towards lower
latitudes can be noted for both the poleward and
equatorward auroral boundaries in the Svalbard
sector.

We also checked the trend for other longitude
sectors. From the dip pole shift shown in Figure
1, one would intuitively expect a corresponding
shift of the auroral oval away from Canada toward
Siberia. That would mean an equatorward shift
of the auroral oval over the Siberian sector (60-
120° east longitude) and poleward shift over
the Canadian sector (60-120° west). Table 1

Average latitude for auroral boundaries, Kp=0-2+
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Figure 4: Top panel: change in median latitude of polar (red) and equatorward (blue) boundary in the Svalbard sector over
the last 26 years. Bottom panel: corresponding change in polar cap area over the same interval. Solar cycle variations are
notable. Dashed lines show linear fits to the observed changes (for the polar cap area, the fit is based on data from 2001-
2024).
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Sector / longitude range Annual latitudinal change of boundary over 26 years

Poleward boundary Equatorward boundary

(see Figure 1)

Svalbard (1-31° East) -0.069° -0.041°
Siberian (60-120° East) -0.066° -0.071°
Bering (150° East-30° West) -0.008° -0.023°
Canadian (60-120° West) 0.056° 0.066°

Table 1: Annual change in median latitude of polar and equatorward boundaries in various geographic sectors based on
linear regression over a 26-year period. Positive values indicate poleward motion, negative values indicate equatorward
motion of the auroral boundaries. These results indicate a shift of the entire auroral oval over time.

summarises the results from our study. Overall, the
secular shifts of the boundaries are consistent with
this hypothesis, and also consistent with model
based results reported by, e.g., Kataoka and Nakano
(2021).

As in Breedveld (2020), we also tested elliptical
and circular fits to the entire auroral oval. This is
possible for the years 2001-2024, when there
are enough satellites to provide a sufficient MLT
coverage. This enables us to calculate the area of
the polar cap (i.e., the area with open magnetic flux
poleward of the auroral oval). Consistent with Zossi
et al. (2021), these fits reveal a small decrease of
the polar cap area over the last decades. However,
as shown in the lower part of Figure 4, variations
due to space weather effects and solar cycle are
more prominent than the secular variation.

2.4. Detecting auroral boundaries
using radar observations

Given that Svalbard is located around 77-80°
geographic latitude, i.e., poleward of the typical
auroral oval, one would expect that an equatorward
retreat of the auroral oval would imply a lower
chance of observing aurora. Fortunately, Svalbard is
well equipped with ground-based instrumentation
for auroral research, so we had the opportunity to
test this hypothesis using the EISCAT (European
Incoherent Scatter) radar located in Svalbard.

The EISCAT radar is part of a network in northern
Fennoscandia (Rishbeth and Williams 1985). These
radars study the Earth’s upper atmosphere and
ionosphere and their interactions with the solar
wind. By transmitting powerful radio waves into the
atmosphere and analysing the resulting scattered

signals, it is possible to obtain height profiles of
electron density, temperature, and velocity in the
jonosphere.

In order to automatically detect auroral boundaries
from radar measurements, we tested two methods:
The Canny algorithm (Canny 1986; see in Appendix
1) is inspired by image processing, and uses EISCAT
height profiles of electron density to detect sharp
edges which could indicate sharp boundaries in
electron density. This method shows promising
results, and is well suited for automatic processing
and feature extraction, but still needs some
refinement.

The second method, which we eventually
employed, is more conventional. We make a slice in
the height profiles at a radar range corresponding to
ca. 110 km altitude to obtain a time line of electron
densities. These time lines are then checked
for sharp boundaries analogous to the satellite-
detected boundaries. Additional methodological
details, including an illustration of the detected
boundaries, can be found in Appendix 1.

By normalising the detected boundaries to the
total observation time, we obtain a frequency
of boundary detection. Figure 5 shows the
evolution of detection frequency over 26 years
of EISCAT Svalbard data. We note a declining
detection probability over time. While this trend
is consistent with the remote sensing data, and
can be interpreted as an indication of an auroral
zone moving away from Svalbard, the results are
subject to uncertainties and possibly bias which
need to be further investigated. There are very
few observations in 2011, which might explain the
outlier for this year.

1 PoleMotion
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Figure 5: Frequency of auroral boundaries detected in the Svalbard radar over the last 26 years. The dashed line shows a

linear fit to the observations.

2.5. Synthesis of observations

In summary, long-term measurements show a rapid
motion of the northern dip pole. Observations of
the magnetic field at Hornsund, Svalbard, show a
rotation of the field consistent with this motion.
In contrast to the IGRF model, which suggests a
weakening of Earth’s dipole moment, the magnetic
field strength in Hornsund increases. Remote
sensing of auroral boundaries using satellites
over a 26-year period show a consistent, albeit

slow equatorward motion of the auroral oval over
Svalbard.

Observations of auroral boundaries by the EISCAT
Svalbard radar indicate a decrease in probability,
consistent with an auroral boundary moving
further away. However, there may be alternative
explanations for the EISCAT observations, so
further investigations are required before drawing
any firm conclusions.

3. Contribution to interdisciplinarity and societal impact

A study of auroral boundaries and changes in the
local magnetic field may at first glimpse be seen
as a purely academic exercise of interest for space
physicists and geologists. However, the results
reported here can have profound effects on society.
In particular, a changing magnetic field has a direct
impact on navigation and infrastructure in Svalbard.

Despite the widespread use of global satellite
navigation systems (GNSS), the magnetic field is still
of vital importance for navigation and orientation.

Magnetic coordinates are usually provided on maps,
and the changing magnetic field direction requires
regular revisions of maps. Another example:
airport runways are designated by their magnetic
orientation, and approach procedures to airfields
are typically published in a magnetic reference
frame. Figure 6 shows the runway signage at
Longyearbyen airport being changed on 23 Sep
2023. Prior to this date, the runway orientation was
close to 100° or 280° (depending on whether the
approach is from east or west) magnetic orientation.

SESS Report 2024 - The State of Environmental Science in Svalbard
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Figure 6: Runway signage at Longyearbyen airport being revised due to changes in the magnetic field. In September 2023,
the old runway sign 28-10 (i.e., close to magnetic orientations 280° and 100°, respectively) had to be replaced by 27-09
(270° and 920° magnetic orientation) due to the moving magnetic pole. (Photo: Ine Therese Pedersen)

Consequently, the runways were designated 10
and 28. Today Longyearbyen airport designated
its runways 09 and 27. Approach procedures and
aviation charts will have to be revised accordingly.

Even if we disregard navigation by magnetic
compass and only rely on GNSS, we may be
in for trouble. Over longer time scales (several

4. Unanswered questions

On a short time perspective, an obvious question
is “What will happen to the dip pole and the aurora
over the next decades?” The model estimations by
Livermore et al. (2020) suggest a further shift of
the dip pole in the coming decades, but these
predictions are uncertain. On an even longer
timescale, the rapid shift in dip position also
evokes speculations about a complete flip of the
geomagnetic field.

solar cycles), a reduced magnetic field will imply
greater impacts of space weather effects, and
consequently more disturbance in signals used for
satellite navigation and communication. A reduced
terrestrial field will shrink geospace (Russell et al.
2017) and imply that, e.g., geostationary satellites
spend more time outside this protective shield.

The terrestrial magnetic field is also important
for planetary habitability. A magnetic field shields
the planetary atmosphere from the direct impact
of the solar wind and radiation from space. It has
been argued that without this shield, no life at all
would have been possible on Earth. This claim is
debated though (see discussion in, e.g., Gunell et al.
(2018)). Still, the declining magnetic dipole moment
and subsequent reduction in magnetic shielding
obviously raise some questions about habitability
of Earth on a geological timescale.

1 PoleMotion
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5. Recommendations for the future

A challenge when conducting a study utilising long
time series is the availability and format of data. For
this particular study, we encountered this issue with
the magnetic field measurements from Hornsund.
These measurements are presently not available
from a single source and are not part of SIOS core
data sets. As noted in Section 6, magnetic field
data for later years were downloaded as binary
files (HDF-5 format) from Intermagnet, whereas
data from earlier years were downloaded from a
different source and in a different, non standard,
binary format.

Remote sensing using satellites (and other space-
and airborne observation platforms) will be even
more important in the future. In this study we used
data from eight different satellites. Although the
instrumentation is identical for all satellites over
the entire period studied, three different data
formats were used and had to be processed. Some
of the older data sets are poorly documented,
and the recommended software to unpack the
various formats - some of them intended to handle
sequential data tapes - are outdated and will not
run on modern computers without significant
modifications. For future studies, we would also
obviously benefit from additional satellite data and
better local time coverage.

6. Data availability

The situation is even more challenging for ground-
based instrumentation like radars and optical
instruments, since long-time measurement series
are not always feasible. In particular, the EISCAT
radars in Svalbard and Tromsg are usually run
only during campaigns, often during specific
geomagnetic conditions, thus introducing a bias
into the observations. Their characteristics are
different, and required different treatments in
our study. Improvements are underway, though:
the next generation of incoherent scatter radar
systems such as the EISCAT 3D (Baddeley et al.
2023) will have greatly improved capabilities, with
lower power consumption, enabling longer runs.
However, the parameters will probably not be
directly comparable to the existing radars.

Consequently, our immediate recommendations
based on this study are:

e Harmonise the data format and integrate
magnetic field measurements from Svalbard into
the SIOS Core Data set (SCD).

e Make POES/METOPS satellite data available in
a single file format with proper metadata and
documentation.

All data used for this study are available from public archives. Links to data sources are shown in Table 2.

Data set Period Data provider URL

Space weather 1994-2024 NASA CDAWeb, USA https:/spdf.gsfc.nasa.gov/pub/data/omni/low
res_omni/

Magnetic field 1994-2001 IMAGE, Finland https:/space.fmi.fi/image/www/

Magnetic field 2002-2024 Intermagnet, UK https:/imag-data.bgs.ac.uk/GIN V1/

EISCAT 1997-2024 Madrigal, Sweden https:/madrigal.eiscat.se/madrigal/

METOPS and 1998-2024 NOAA, USA https:/www.ncei.noaa.gov/data/poes-metop-

POES satellite data space-environment-monitor

Table 2: Overview of data sources. NOAA = National Oceanic and Atmospheric Administration; IMAGE = International
Monitor for Auroral Geomagnetic Effects; NASA = National Aeronautics and Space Administration; CDAWeb = Coordinated

Data Analysis Web.
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Appendix 1: Boundary detection using radar and satellite

A1 Auroral boundaries from ESCAT
radar measurements

The Canny edge detection algorithm (Canny 1986)
is a multi-step method for identifying image edges
by detecting areas of rapid intensity change. It
consists of five key steps: noise reduction using
a Gaussian filter, gradient calculation to detect
intensity changes, non-maximum suppression to
refine the edges, double thresholding to classify
edges based on gradient strength, and edge

400

Data from 2020-12-09

tracking by hysteresis to finalise the detection.
In our study, we apply the Canny algorithm to a
combined mask derived from specific colour ranges
in an HSV-generated image (the colour coded
EISCAT height profiles). These colour masks isolate
relevant features within the image, and the Canny
algorithm detects edges within these masked
regions. In our application we consider profiles
below 150 km altitude, as boundaries are most
pronounced below this threshold. The results for
one example can be seen in Figure Al.
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Figure A1: EISCAT Ne intensities interpolated for a range of altitudes on 9 Dec 2020, on the Tromsg radar (UHF experiment).
Aurora can be seen throughout the experiment. The bottom part shows a zoomed-in image of the 100-150 km altitude
with the automatically detected vertical and horizontal boundaries in fluorescent green
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The Canny algorithm is highly accurate and
effective at detecting clear, noise-reduced edges,
making it ideal for images with simple, well-defined
edges. However, it is computationally intensive and
requires careful parameter tuning, which can limit
its performance on complex or textured images
such as the colour coded EISCAT height profiles.
In this specific case, the Canny algorithm works
well on the profiles obtained during night-time
aurora. The main drawback is the need for defining
parameters that are not entirely globally defined.

To obtain annual statistics of boundary detection
and ensure a fail-safe procedure for our methods,
we analysed the electron density (Ne) profiles of
all the available experiments. We analysed each
experiment’s Ne data, focusing on altitudes around
110 km. We calculated a rolling average of Ne to
smooth the data and identified significant peaks
using a dynamic height threshold. Valid peaks are
filtered based on several criteria, including the time
of occurrence, proximity to other peaks, and pre-
and post-peak conditions. We then detect a proxy
for a potential start boundary peak where Ne does
not drop below a specified threshold. The results
can be seen in Figure A2.

We analysed the total peaks and boundary peaks
detected during the dark season (October to
March) and the light season (April to September)
for Tromsg and Svalbard radars. As anticipated, the
number of detected peaks and boundaries was
higher during the dark season. Specifically, Tromsg
detected 2773 peaks and 390 boundaries from
October to March, compared to 726 peaks and
145 boundaries from April to September. Similarly,
Svalbard recorded 6663 peaks and 518 boundaries
in the dark season, while 2319 peaks and 307
boundaries were detected in the light season.

A2 Auroral boundaries from Polar
Operational Environmental Satellites

The procedure to detect boundary based on
observations of field aligned electrons from
the NOAA-POES satellites is largely based
on the study by Breedveld (2020) as well as
earlier work by Gussenhoven et al. (1981) and
Kilcommons et al. (2017). We use 30-2500 keV
precipitation electrons from the last generation
Medium Energy Proton and Electron Detector
(MEPED). Our data set contains observations
from 1998 onwards, and the instrumentation
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Figure A2: EISCAT Radar Ne intensities around an altitude of 110 km on 9 Dec 2020, on the Tromsg radar (UHF experiment).
The green dotted line represents our boundary start proxy and the red crosses represent high intensity throughout the
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is identical on all METOPS and NOAA satellites
used here. Basically, the procedure is as follows:

ANALYSIS OF TRENDS AND PROCESSES

time and geographic latitude and magnetic local
time (MLT).

. Calculate average fluxes of field aligned
electrons with energies above 30 keV for the
polar cap region and a region well equatorward
of the auroral oval as a reference background
flux.

. Apply a rolling median over 15 samples
(30 seconds) to remove any outliers in the
measurements.

. Slide a step function across the data interval to
detect sharp increases in the flux of field-aligned
electrons. If the increase is above a certain
threshold, and the flux level is well above the
background flux, tag it as a boundary.

. When a boundary is detected, use flux change
(increase, decrease) to classify the boundary as
an equatorward or poleward boundary. Record

5. Calculate and store a quality factor based on
how sharp (flux gradient) the boundary is, and
how well it is defined (change in flux).

6. Define a threshold in the quality value to classify
the boundary as valid or invalid, and use this for
filtering of data.

Note that the above fluxes of field-aligned
electrons do not necessary coincide with the visible
aurora, which is mainly generated by electrons of
lower energies. Nor do the detected boundaries
necessarily coincide with EISCAT-derived
boundaries, since both technique and measurement
altitude are different. However, we are primarily
interested in secular changes in boundaries, not the
exact location or intensity of visible aurora.
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1. Introduction

Geology is the science that deals with the solid
Earth’s physical structure and substance, its
development from distant past to the present and
future, and the processes that act on and within
it. Sometimes referred to more broadly as “Earth
science” or “geoscience’, geology includes diverse
professions (Figure AF4 in Senger et al. 2024a).
Geoscientific work covers a broad range of spatial
(from microscopic to global) and temporal (from
milliseconds to millions and even billions of years)
scales. A multidisciplinary framework is crucial to
decipher the past evolution of the Earth System,
understand and mitigate geohazards, identify
drivers and quantify changes in palaeoclimate,
and provide authorities and industry with an
understanding of the subsurface, as well as the
landscape surrounding us. This understanding is
crucial for many applications, including mineral and
hydrocarbon extraction, groundwater management,
and energy transition/decarbonisation.

The geosphere is the solid portion of the Earth,
ranging from the surface of our planet down to the
deep interior. It encompasses minerals, rocks, soil,
fluids, landforms, and the processes shaping them.
Many important processes link the geosphere to the
Earth’s four other spheres (cryo-, bio-, atmo- and
hydro-spheres). SIOS’s objectives include “focusing
on processes and their interactions between these
different spheres”. By literally underlying all of
these spheres, the geosphere, and by extension
geology, is central to deciphering the broader
Earth System at present, but also in deep-time at
timescales spanning millions to billions of years,
dating back to the very beginning of our planet.
Finally, and probably most importantly in today’s
anthropogenically enhanced climate-change,
understanding the Earth’s past climate history
through the study of the ancient rock record and
its many palaeoclimate proxies, including fossils,
strengthens the predictive power and accuracy of
future climate models.

Carbon is the chemical backbone of life on Earth
and its cycle is one example of multiscale processes

REVIEW

that is rooted in the geosphere but affects all other
spheres. Figure 1 illustrates sources, reservoirs,
fluxes and sinks within the global carbon cycle
and the related rock cycle. Marine sediments
and sedimentary rocks are the most voluminous
sinks of carbon globally. However, the common
misconception is that the processes acting on
moving carbon (e.g., as CO,) to and from this main
geosphere sink are too slow to be of relevance,
except humans’ use of fossil fuels (coal, oil and gas)
and volcanic activity.

1.1. Geology in Svalbard: societal
relevance

The well exposed geology in Svalbard provides
a natural laboratory for geoscientists. It offers
world-class outcrops of Archean to Quaternary
aged rock successions and exhibits a range of rock
types (i.e., lithologies, which together represent all
stages of the rock cycle; Figure 1), which in turn
reflect a wide variety of tectonic styles, volcanic
and magmatic events, and sedimentary basin
development. Scientific and industrial boreholes
(e.g., coal and petroleum exploration) offer valuable
insights into the subsurface, facilitating outcrop-
borehole correlations and deciphering past plate
tectonic reconstructions and climate change.
Integration of geophysical data with systematic
surface geological mapping provides a strong
foundation for deciphering the 3D architecture
and 4D evolution of Svalbard in the context of the
Earth System.

Geology is omnipresent in Svalbard. All the former
and present permanent settlements (except for
the Hornsund research station) are strategically
placed near coal seams that were previously
mined (Pyramiden, Ny-Alesund, Sveagruva,
Bjarngya) or are still actively mined (Barentsburg
and Longyearbyen). Year-round coal mining in
Longyearbyen since 1906 provided a foundation
upon which other activities, including research and
education, tourism and governance, build. Less
well-known is the fact that Svalbard was central
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to the start of the Norwegian oil adventure, with
18 boreholes drilled from 1961 to 1994 by a
mix of international companies, resulting only in
economically unfeasible discoveries (Senger et
al. 2019). Svalbard, and in particular the upper
Palaeozoic and Mesozoic (~400-66 Ma (Ma =
millions of years ago)) basin fill, provides an excellent
analogue for enhancing the knowledge of the
petroleum systems in the Norwegian continental
shelf (e.g., Ngttvedt et al. 1993; Henriksen et al.
2011b; Olaussen et al. 2025).

More recently, geologists have contributed to begin
lowering Svalbard's atmospheric CO, emissions by
investigating the feasibility of subsurface storage
of the CO, emitted from the Longyearbyen coal
power plant (Braathen et al. 2012; Olaussen et
al. 2019). The project generated a wealth of data,
including eight fully cored research boreholes,
seismic data, outcrop studies, and water injection
tests (Senger et al. 2024b). The solid understanding
of the deep subsurface near Longyearbyen has also
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proven to be crucial when considering the potential
role that geothermal energy (Senger et al. 2023b)
or local natural gas (Ohm et al. 2019) could play in
Longyearbyen’s future energy mix. In addition, the
drill cores provide an opportunity to study how the
local-regional-global Earth System has evolved in
the geological past (i.e., deep-time palaeoclimate
covered in section 2.3), the influence of climate
change on infrastructure in Longyearbyen, and links
to geohazards such as earthquakes and landslides.

1.2. Aim and objective of this chapter

In this chapter, we share a summarised and holistic
understanding of Svalbard’s geology. Specifically,
we: 1) Provide an overview of Svalbard’s pre-
Quaternary (i.e., older than 2.58 million years)
geology for the entire SIOS community, focussing
on the role of geology in understanding the Earth
System, societal relevance and interlinkages of
the geosphere to the cryosphere, hydrosphere,
biosphere and atmosphere; 2) Provide a synthesis of
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Figure 1: Overview of the rock cycle and carbon cycle showing the importance of geology within the global system.
Numbers show carbon reservoirs in PgC (P = peta; 1 PgC = 10" gC = 1 Gigaton of Carbon) and fluxes indicate PgC/yr.
Flux and stock input from Ciais et al. (2014) and Falkowski et al. (2000). Figure adapted from Understanding Global Change
Berkeley, University of California (2024).
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the heterogeneous types of data that geoscientists
are working with, including provision of key data
sets from Svalbard (largely in the digital appendix
(Senger et al. 2024a), appendix figures (AF) and

REVIEW

tables (AT) are referred to here); 3) Recommend
concrete ways geology can be integrated into SIOS
and how diverse geological data should be stored
FAIRIy.

2. Overview of existing knowledge

2.1. Geological scientific exploration
of Svalbard: a brief history and

status of geological mapping

The first geologist to visit Svalbard was the
Norwegian geology professor Baltazar Keilhau
(University in Christiania, now Oslo) in 1827
(Keilhau 1829, 1831; Dallmann 2015). Between
1850 and 1920, geoscientific exploration increased
in Svalbard, and 114 expeditions conducted
geological mapping, palaeontological studies, and
mineral and coal exploration (Harland 1997). These
expeditions were dominated by European scientists
(Jones 2008) resulting in the first geological maps
of Svalbard embedded in the expansive geology
compilation “Sketch of the geology of Spitsbergen”
(Nordenskidld 1867) and a broad geological
summary (Nathorst 1910).

From the turn of the 20" century Norway was
a key player in Arctic geoscientific research, as
manifested by Fritjof Nansen’s Fram expeditions
to the central Arctic Ocean from 1893 to 1896,
and the state-funded Spitsbergen Expeditions
of Gunnar Isachsen (1909) and Adolf Hoel (from
1910). The Svalbard Treaty (granting Norway full
sovereignty over Svalbard) was signed at Versailles
in 1920 and ratified in 1925. Norway's Svalbard and
Arctic Ocean Research survey (NSIU) was formally
founded in 1928, and reorganised to the current
Norwegian Polar Institute (NPI) in 1948. Orvin
(1947) provides a full bibliography up to this time.
After 1945, the United Kingdom (Harland 1997),
the Soviet Union (Krasil's¢ikov 1996), and Poland
(Birkenmajer 1980) also conducted systematic
geoscientific exploration of Svalbard.

1  https:/www.researchinsvalbard.no/

Geology-related research accounts for >35% of
scientific research conducted in Svalbard (Figure
2A). Between 1960 and 1990, 40-50% of the
published peer-reviewed articles were geology-
related (Figure 2), coinciding with the peak period
of onshore petroleum exploration (Senger et al.
2019) and the initiation of a systematic geological
mapping programme at NPI under the leadership
of Tore Gjelsvik (NPl Director, 1960-1983).
Analysis of data from the Research in Svalbard
Portal (RiS") reveals the international background
of the research institutions, with approximately
half (49.4%) being Norwegian and 27 different
countries represented (Figure 2B). Most research
(73%) is fieldwork-related, with a significant (11,2%,
Figure 2C) education component, largely driven by
the University Centre in Svalbard (UNIS) established
in Longyearbyen in 1993.

Elvevold (2015) provides an excellent overview
of the history of resource extraction in Svalbard,
including coal, petroleum, industrial materials, and
ore minerals. Until the ratification of the Svalbard
Treaty (and the Svalbard Mining Code) in 1925,
prospecting and claiming often caused conflicts.
Since 1925, the Svalbard Mining Code (described
in Senger et al. 2019) stipulates how land is claimed
for resource extraction. Thanks to the Svalbard
Treaty, companies from all signatory nations have
equal access to the natural resources as Norwegian
companies, provided they adhere to Norwegian
regulations. As of 2017, 6% of Svalbard’s land area
was claimed for resource exploration, divided over
349 individual claims (Senger et al. 2019). Most of
the claims are for coal production by the Norwegian
state-owned company Store Norske Spitsbergen
Kulkompani AS (SNSK) and the Russian company
Trust Arktikugol.
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Both commercial and research expeditions
contributed to deciphering the main elements of
Svalbard’s geological history, as summarised in the
Geoscience Atlas of Svalbard (Dallmann 2015).
Svalbard offers examples of rift basins formed in
extensional settings (e.g., Billefjorden Trough; Steel
and Worsley 1984) and foreland basins formed in
compressional settings (e.g., Central Spitsbergen
Basin; Helland-Hansen and Grundvag 2021).
In addition, volcanism occurred at several time
intervals, including during the Early Cretaceous
(Senger et al. 2014b), Miocene (Prestvik 1978) and
Quaternary (Skjelkvale et al. 1989; Smelror et al.
2024).

Geological mapping of Svalbard is conducted
by NPl and is complete at the regional scale
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(Dallmann 2015; Figure 2D). Ongoing research
by various groups in specific areas continues to
fine-tune and improve the geological mapping at
the local scale (Jochmann et al. 2020). From the
late 1970s the Universities of Bergen (Ron Steel)
and Oslo (David Worsley) organised extensive
expeditions (sponsored by oil companies and the
Norwegian authorities) including international
specialist geologists from the industry to reveal, in
particular, the upper Palaeozoic to Cenozoic basin
fill in Svalbard (e.g., Steel and Worsley 1984).

With its rich history of multidisciplinary geoscientific
research, Svalbard offers unique insights into data
integration, deep-time palaeoenvironments and
“from depth to surface” 3D/4D processes covered
in sections 2.2 to 2.4.
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Figure 2: Synthesis of geological research in Svalbard through time. A) Active and complete projects recorded in the
official Research in Svalbard Portal (RiS) and publications on Google Scholar. Total number of Google Scholar articles
mentioning Spitsbergen OR Svalbard (green) compared to the articles also including the term “geology” (blue). Inset shows
the percentage of articles including the word geology over time. B) Norway is the institution responsible for just under
half the projects in the RiS Portal (601 active or completed projects in total). Other: South Korea 11, Czech Republic 10,
Sweden 9, China 2, India 9, France 6, Denmark 5, Finland 3, Iceland 3, Israel 3, Austria 2, Belgium 2, Switzerland 2, Japan 2,
Slovenia 1, Brazil 1, Ireland 1, Hong Kong 1, Canada 1. C) Fieldwork is the main category of research conducted. D) Modern
geological map of Svalbard with main settlements. Source: Dallmann (2015).
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2.2. Digital geological revolution and
integration of data sets - data
acquisition, integration and joint

interpretation

Whether working with a view of a rocky outcrop,
a hand-sample taken to a lab and analysed, or a
numerical model run on supercomputers, geologists
employ a wide range of datasets and techniques.
Geoscientists are able to tackle grand questions
with non-linear interactions and increasing
complexity, but this has not evolved without some
major breakthroughs in understanding. During the
past century, the broad field of geosciences has
undergone several revolutions including continental
drift (Wegener 1912), seafloor spreading (Isacks
et al. 1968), and plate tectonics (Wilson 1966).
Furthermore, we are now considered to be in a
modern revolution where planetary-scale changes,
including the evolution of Earth’s interior and
surface, are connected and palaeoclimate can be
modelled at geological time scales.

Geologists employ sedimentology (e.g., Cutbill
and Challinor 1965; Steel and Worsley 1984;
Grundvag et al. 2019), structural geology (e.g.,
Dallmann 1992; Bergh et al. 1997; Piepjohn et
al. 2016), biostratigraphy (e.g., Manum 1960;
Bjeerke and Thusu 1976; Feyling-Hanssen and
Ulleberg 1984; Arhus 1991; Sliwirska et al. 2020),
magnetostratigraphy (e.g., Hounslow et al. 2007;
Zhang et al. 2021), geochronology (e.g., Corfu et
al. 2013), thermochronology (e.g., Dorr et al. 2012;
Barnes and Schneider 2019; Meier et al. 2024),
detrital-zircon provenance studies (e.g., Pettersson
et al. 2009; Petersen et al. 2016; Anfinson et al.
2022), palaeontology (e.g., Tozer 1973; Hurum et al.
2018), seismic geophysics (e.g., Eiken 1985, 1994),
electromagnetic geophysics (e.g., Beka et al. 2017;
Selway et al. 2020), potential field geophysics
(e.g., Dumais et al. 2022), and remote sensing
(e.g., Zagorski et al. 2020) to interpret a region’s
geological evolution, as illustrated by the Svalbard
examples listed here and in Table ATé in Senger
et al. (2024a). Numerical modelling of crustal
(e.g., Klitzke et al. 2016; Minakov et al. 2018) or
mantle (e.g., Heyn et al. 2024) processes, 2D or 3D
structural restorations (e.g., Bergh et al. 1997; Gac
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et al. 2020), analogue modelling (e.g., Leever et al.
2011), deciphering vertical motions (e.g., Medvedev
et al. 2023), or plate tectonic reconstructions
(e.g., Torsvik et al. 1985) add the time component
to the process understanding. In addition, the
compilation and quantification of all important
geological processes and physical/chemical
parameters impacting deposition, preservation,
and deformation of sedimentary strata, can serve
as inputs used in forward modelling of sedimentary
systems. This can furthermore be a useful tool to
reconstruct the complete history of sedimentary
basins in the context of tectonic-climatic drivers.

Seismic acquisition along profiles (2D), grids (3D;
also called the “geological Hubble” by Cartwright
and Huuse (2005)) and in repeated surveys (4D)
allows geologists to map out the subsurface and
show how fluids (water, oil, natural gas or injected
CO,) move in the subsurface. An extensive onshore
and offshore 2D seismic grid is available in Svalbard
(Eiken 1994; Baelum et al. 2012; Blinova et al.
2013; Figure in Appendix 4). Seismic modelling of
outcrops allows directly linking geometries from
outcrops to modelled seismic profiles and was
pioneered early on in Svalbard (Helland-Hansen et
al. 1994: Johansen et al. 1994, 2007).

At present, field geology is undergoing a digital
revolution. 3D digitisation through Light Detection
and Ranging (LiDAR) scanning and structure-
from-motion (SfM) photogrammetry enables
high-resolution georeferenced representations of
geological outcrops (Buckley et al. 2008; Westoby
et al. 2012), drill cores and hand samples (Betlem
et al. 2020). The increased availability of affordable
unmanned aerial vehicles (UAVs, i.e., drones: Hann
et al. 2021) with high-quality cameras provides an
optimal angle for photographing outcrops for SfM
modelling and acquiring aerial photospheres (i.e.,
360° images) that provide a bird’s eye overview
of Svalbard geo-landscapes (www.vrsvalbard.com;
Horota et al. 2024). Digital outcrop models facilitate
quantitative analyses, such as seismic modelling
(Anell et al. 2016; Johansen et al. 2023), fracture
characterisation (Rizzo et al. 2024) and systematic
mapping of sand injectites (Ogata et al. 2023), even
on otherwise inaccessible parts of outcrops. The
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UNIS-led Svalbox database (map.svalbox.no; Senger
etal. 2021; Betlem et al. 2023, 2024) openly shares
a growing collection of digital outcrop models in
the context of regional geoscientific data. These
new digital options can be easily linked to other
field data (e.g., sedimentary logs, sample locations),
subsurface data and the regional geology.

The digital revolution is also transforming
geoscience education, promoting a more integrated
and quantitative approach compared to traditional
field geology alone. In Svalbard, examples include
the use of integrated digital outcrops in bachelor-
level courses at UNIS (Senger et al. 2021) and
thematic educational data packages compiled for
both the West Spitsbergen Fold-and-Thrust Belt
(WSFTB; Horota et al. 2023) and regional Arctic
tectonics (Senger et al. 2024d). Furthermore, the
digitisation of landscapes and fossils enhances
the outreach potential, as demonstrated locally
in Longyearbyen by the life-sized reptile-themed
playground and an interactive geology display at
the Svalbard Museum. These advancements make
geoscience more accessible and more engaging for
both students and the public.

Geologists should ideally have a solid understanding
of all the available multidisciplinary data sets and
be able to integrate field, subsurface, microscopic,
geochemical, remote sensing and digital geological
data (Table AT6 in Senger et al. 2024a). Modern
geoscientists work across multiple scales with
respect to time and space, considering past
processes shaping the geosphere to understand the
Earth System’s evolution. Svalbard is, undeniably,
an excellent natural laboratory for this purpose.

2.3. Deep-time - palaeoclimatic
significance and main influences
on past to present climates in
Svalbard

The geological archives on Svalbard cover much of
the Phanerozoic (Figure 3). These rocks record both
regional and global climatic and tectonic changes.
The effects of tectonic processes on the climatic
evolution in Svalbard have been profound, and can
be broadly grouped into long-term plate tectonic,

tectono-magmatic and tectono-topographic
effects. The sedimentary record of Svalbard was
influenced by:

i) Global climate: Key climatic events preserved
in Svalbard’s sedimentary archives include:
glacial deposits and interglacial carbonates of the
Cryogenian and Ediacaran ice ages (e.g., Halverson
et al. 2004, 2018; Hoffman et al. 2012; Millikin et
al. 2022), which demonstrate climate fluctuations
comparable to those observed in the Neogene;
mixed siliciclastic-carbonate and evaporite
successions which formed in response to severe
glacio-eustatic sea-level variations related to the
climate fluctuations during the late Palaeozoic Ice
Age (e.g., Ahlborn and Stemmerik 2015; Sorento
et al. 2020); carbonate and siliciclastic succession
deposited near the Permian-Triassic boundary
(251.9 Ma) recorded the end of the Permian mass
extinction (EPME; ca. 252 Ma) and the subsequent
ecosystem recovery (e.g., Zuchuat et al. 2020;
Foster et al. 2023); coal deposits from three past
greenhouse climate periods: the late Palaeozoic (ca.
370-350 Ma; e.g., Abdullah et al. 1988; Janocha
et al. 2024), the Early Cretaceous (ca. 125 Ma; e.g.,
Nemec 1992), and the early Palaeogene (ca. 61 Ma;
e.g., Marshall et al. 2015; Golovneva et al. 2023),
providing a record of past vegetation from these
intervals.

However, several past climatic events remain
understudied in Svalbard, as sediment drill cores
primarily targeted intervals of interest to mining
and petroleum industries (Olaussen et al. 2019;
Senger et al. 2019). Therefore, high-resolution
drilling campaigns targeting key climate change
events could reveal causal relationships between
events such as hyperthermals (short-term phases
of geologically rapid global warming occurring over
tens of thousands of years) and mass extinctions
(Senger et al. 2023a). As a consequence of climate
change, high latitudes are presently experiencing
polar amplification (i.e., higher magnitude change
at higher latitudes) of global warming. They are also
projected to experience this in all future climate
scenarios provided by the Intergovernmental
Panel on Climate Change (IPCC). The IPCC report
is extensively using deep-time climate records,
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Figure 3: A) Deep-time stratigraphic record in Svalbard and B) Global mean values of tropical sea surface temperatures
over the last 540 Ma from Scotese et al. (2021; green curve, with shaded area 95% confidence intervals, based on oxygen
isotopes from phosphatic and carbonate fossils), glaciations from Macdonald (2020); major LIPs recorded in Svalbard: ST-
Siberian Traps, HALIP-High Arctic Large Igneous Province, NAIP-North Atlantic Igneous Province. C) Global temperature
over the last 60 Ma (modified from Westerhold et al. 2020); D) and global surface air temperature projections (mean for
years 2081-2100) relative to 1850-1900 according to the Shared Socioeconomic Pathways (SSP; modified from Figure
4.35 in IPCC (2021)). Other abbreviations LPIA: Late Palaeozoic Ice Age, EPME: End-Permian Mass Extinction, PETM:
Palaeocene-Eocene Thermal Maximum, EOT: Eocene-Oligocene Transition, EAIS: East Antarctic Ice Sheet, WAIS: West
Antarctic Ice Sheet, and NHIS: Northern Hemisphere Ice Sheet.

such as from the Palaeocene-Eocene Thermal
Maximum (PETM; 55.9-55.7 Ma), to improve our
understanding of warmer-than-present climate
(IPCC 2021).

ii) Long-term global tectonic influence: Overall,
Svalbard has migrated from equatorial latitudes
at 400 Ma to its current position between 76°N
and 80°N (e.g., Harland 1997). Consequently, the
geological record of Svalbard has been affected
by this northward motion due to long-term global
plate tectonic evolution. For example, between 320
and 270 Ma, when Svalbard was in a subtropical
climate, deposition was typified by evaporite rocks.
Thick coal seams formed from accumulations of
organic material, revealing the presence of humid

tropical forests when Svalbard was located near the
equator (ca. 350 Ma). In contrast, coal deposits that
formed at ca. 61 Ma when Svalbard was located
within the Arctic Circle suggest a humid and
temperate climate at that time (e.g., Golovneva et
al. 2023).

Oceanic gateways play an important role in oceanic
circulation, biota exchange, heat and nutrient
distribution, and hence the global climate (e.g.
Berggren 1982; Bahr et al. 2021; Straume et al.
2022). A key element of the modern icehouse
climate is the deep-water exchange between the
Arctic and the Atlantic oceans via the Fram Strait
(e.g., von Appen et al. 2015). The opening of the
Fram Strait has been postulated as one of the initial
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drivers towards the modern icehouse climate (e.g.,
Hossain et al. 2021). Water exchange across the
Fram Strait may have occurred between 24 and 21
Ma, or at 17 Ma (Jakobsson et al. 2007; Jokat et
al. 2016), or as early as ca. 34 Ma (Hutchinson et
al. 2021; Sliwinska et al. 2023). Further study of
the Svalbard margins may better constrain this key
tectonic event.

iii) Tectono-magmatic influences: The present-
day Arctic holds evidence of several large-scale
magmatic and volcanic events since the Palaeozoic
Era (~540 Ma; Figure 3B). These episodic events,
referred to as Large Igneous Provinces (LIPs;
e.g., Ernst and Youbi 2017), are characterised
by outpourings of large volumes of molten rock
(magma) over ~1-5 million years (Bryan and Ernst
2008; Svensen et al. 2012, 2019; Ernst et al. 2021).

LIPs inject massive volumes of volatile gases,
including CO,, CH, and SO, into the atmosphere,
either from direct magmatic and volcanic degassing
or from contact metamorphism of host rocks
(Jones et al. 2016). Greenhouse gases perturb
the global carbon cycle, negatively impact the
environment, and lead to rapid global warming (e.g.,
hyperthermals). LIPs also seem to be linked with
most mass-extinction events (Green et al. 2022).
Evidence of several LIP events are recorded in
Svalbard, such as:

1) The Siberian Traps, LIP in present-day Russia,
began forming at ca. 252 Ma, when the volcanic
and thermogenic gases released led to Earth’s
most severe extinction event, the end-Permian
mass extinction (Svensen et al. 2009; Burgess
and Bowring 2015). Ash layers from Svalbard are
hypothesised to be derived from the Siberian Traps
(Zuchuat et al. 2020), and can constrain the timing
and the cause of the extinction.

2) In the Early Cretaceous, the emplacement of the
High Arctic Large Igneous Province (HALIP, ~130-
80 Ma old) is coincident with periodic oxygen-
deficient conditions in the deep oceans, known as
Oceanic Anoxic Events, and may have influenced
global ocean circulation patterns (Polteau et al.
2016; Midtkandal et al. 2016). In Svalbard, the

HALIP-related magmatic rocks (Dallmann 1999;
Senger et al. 2014b) generated metamorphic
aureoles, particularly in Triassic organic-rich shales
(Brekke et al. 2014; Senger et al. 2014a; Senger
and Galland 2022). The contact of the hot magma
with the sedimentary rocks led to a release of up
to 20 000 Gt of carbon in Svalbard-Barents Shelf
(Polteau et al. 2016).

3) Opening of the Northeast Atlantic Ocean,
starting ~56 Ma, was associated with the North
Atlantic Igneous Province (NAIP) and the release
of large volumes of carbon (Svensen et al. 2004;
Gutjahr et al. 2017). Together with shallow-
water hydrothermal venting, these processes are
suggested as the trigger for the PETM (Berndt et
al. 2023) which led to a transient 4-6°C global
warming on already hothouse climate conditions
(e.g., Inglis et al. 2020). In Svalbard, the PETM has
been documented in several locations (e.g., Dypvik
et al. 2011; Jones et al. 2019).

iv) Tectono-morphological influences: High
topography can impact the local precipitation
patterns, and lead to the nucleation of glaciers
if climatic conditions are favourable. In Svalbard
during the Cenozoic, topography was produced in
these ways:

1) Plate motions resulted in the formation of
the WSFTB, which took place largely under a
greenhouse climate (at ca. 59-33 Ma). Some studies
argue for the presence of ephemeral ice caps or
small ice sheets in the northern hemisphere by ca.
37 Ma (Tripati and Darby 2018). Nucleation and
growth of these ice caps might have been possible
only because of the presence of topography.

2) The topographic response to rifting and oceanic
spreading coincided with climatic deterioration
in the late Neogene following the opening of the
Arctic-Atlantic gateway (e.g., Haaland et al. 2024).
As climate warms up, deglaciation leads to loss
of mass (ice plus eroded sediments) and thus to
enhanced uplift (e.g., Medvedev et al. 2018). This
appears to be the situation in Svalbard at present
(Kierulf et al. 2022).
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All these processes have had cumulative effects
on the type and amount of weathering, erosion
rate, runoff, depositional settings, and landscape
evolution, thus affecting both habitable and
uninhabitable environments of the Svalbard
archipelago.

2.4. Deep-Earth - linking deep with
shallow processes

The surface and interior of the Earth are
inextricably linked due to the long-term cooling
of the Earth and mantle convection. The slow and
broad-scale evolution of the interior provides a
long-term and deep-Earth trend on which shorter-
term near-surface processes, such as the elastic
lithospheric response to erosion and deglaciation
or local changes in sea level, are superimposed.
Understanding surface observations and processes
deeper into the Earth and consideration of
timescales from the present day to millions of years
ago is essential to tie these together.

Internally, the Earth can be divided into several
layers, depending on the physical, chemical,
thermal and/or structural differentiations (Figure
4B, and appendix 3). These divisions determine the
location, type and nature of geological processes
at the Earth’s surface, for example volcanism,
seismicity, and surface deformation (including uplift,
subsidence and horizontal motions). Appendix
3 provides an overview of the various methods
geophysicists employ to study the different layers
of the Earth, with examples and observations from
Svalbard. Below we expand upon selected Earth-
to-surface links relevant for Svalbard.

i) Current plate tectonic configuration - Svalbard
is located on the NW corner of the Eurasian
lithosphere plate, and is also near two presently
active segments of a divergent plate boundary, the
Gakkel Ridge to the north, and the Knipovich Ridge
to the west. Motion in these spreading systems
began around 55 million years ago, before which
Svalbard was much closer to Greenland. Whilst
these boundaries accommodate the creation of
new seafloor (at a rate of around 1 cm/yr in the
Svalbard region, decreasing to zero towards the
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Laptev Sea), stresses related to these processes can
also be transferred into the plate interior.

ii) Past tectonic motion - Svalbard experienced
several deformation episodes related to past shifts
in tectonic plates throughout the Phanerozoic
times. These include compressional events (i.e.,
mountain building events) and extensional episodes
(i.e., rifting episodes) throughout Phanerozoic times.
Large-scale surface or near-surface structures,
including faults, sedimentary basins, fold and thrust
belts, are caused by these tectonic deformations.

iii) Orogenies - The most recent mountain-
building event in Svalbard was the Eurekan
deformation (alternatively, Orogeny) at ~ 60-35
Ma (e.g., Piepjohn et al. 2016; Schneider et al.
2019). It occurred as Greenland slid past Svalbard
causing, (1) uplift and deformation of the WSFTB,
(2) motion along long, steeply dipping N-S to
NNW-SSE trending faults such as the Hornsund
tectonic zone and Billefjorden Fault Zone, (3)
metamorphism at mid-crustal levels (Ko$minska
et al. 2020), (4) a depression east of the WSFTB,
known as the Central Spitsbergen Basin, and (5) an
ocean connection between the North Atlantic and
the Arctic. Several earlier deformation events also
affected Svalbard, including Ellesmerian, Caledonian
and Timanian events.

iv) Seismicity - Svalbard’s seismicity is a function
of its long-lived tectonic and recent glacial
history. Most earthquakes occur offshore, along
the Knipovich and Molloy ridges, and associated
transform faults (Schweitzer et al. 2021). Many
smaller (magnitude Mw < 3) earthquakes occur
across continental Svalbard, including near
Nordaustlandet (Figure 4A), and are likely related to
ongoing regional uplift and far-field tectonic stress
propagation. Strong intraplate earthquakes occur,
including a 2008 Mw 6.1 event in Storfjorden
(Figure 4A) which featured year-long complex
aftershocks (Pirli et al. 2013, 2021).

v) Large-scale volcanism - As mentioned in section
2.3, several Large Igneous Provinces (LIP) affected
Svalbard (including the 124.5 Ma HALIP event
that also included lava flows on Kong Karls Land;
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Figure 4: A) Example of deep and shallow coupling for Svalbard, modified from Minakov (2018). Dynamic topography
inferred from long-wavelength gravity anomalies whereby maximum topography (~ 800 m) corresponds to the location of
Quaternary and Miocene aged volcanism (WF) in Svalbard. Abbreviations: HS - Hinlopenstredet, IsF - Isfijorden, vMF - van
Mijenfiorden, SF - Storfiorden. WF - Woodfjorden, K@ - Kongsaya (Kong Karls Land), BSM - Barents Sea continental
margin (based on crustal thickness, see Klitzke et al. 2015). Earthquake focal mechanisms from the global CMT catalogue
(Dziewonski et al. 1981; Ekstrom et al. 2012) with additional moment tensor solutions (Mitchell et al. 1990; Pirli et al.
2013). Plate boundary configuration (Argus et al. 2011) with black arrows showing spreading direction. Uplift rates obtained
by subtracting predicted effect of present-day ice melting from observed Global Navigation Satellite System (GNSS)
velocities (Kierulf et al. 2022). B) Layering of the Earth (Geological Survey of Ireland 2024).

Olaussen et al. 2018; Smelror et al. 2018). This
type of volcanism is caused by a mantle plume, a
hot buoyant conduit of molten rock which rises
from the core-mantle boundary. Strongly upwelling
mantle regions, such as around plumes, are typically
associated with long-wavelength gravity highs (and
density deficit), known as dynamic topography.
Their thermal imprint may have a lasting effect on
the thermal structure of the upper mantle.

vi) Regional volcanism - NW Svalbard, including
Sverrefiellet and the Bockfjorden Volcanic Complex,
experienced regional volcanism during Miocene to

Quaternary times (e.g., Skjelkvale et al. 1989; lonov
et al. 20023, b; Senger et al. 2024c). Volcanism of
this nature reflects deeper sub-crustal thermo-
chemical structures. Volcanic rocks with deeply
derived xenoliths (solid rock fragments transported
by magma) provide insights into the composition of
the mantle and lower crust. A positive upper mantle
temperature anomaly beneath western Svalbard
coincides spatially with the Quaternary volcanic
eruptive centres (Minakov 2018).

vii) Thermal springs - Locally, Spitsbergen has
several mineral springs, e.g., such as in the
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Bockfjorden area (Jamtveit et al. 2006). These
springs are typically related to either deep crustal
circulation of hydrothermal fluids or to mixing of
sub-permafrost hot brines with glacial or sea water
infiltration (e.g., Olichwer and Tarka 2018). The
occurrence and characteristics of the springs, such
as the mineral composition and temperature, are
often associated with the geology, e.g., occurrence
of sedimentary rocks, marbles, as well as the
distribution of faults.

viii) Heat flow - Heat flow is a measure of the
amount of heat escaping from the Earth’s interior,
related to the thermal properties of the underlying
crust and mantle. Svalbard has a higher geothermal
gradient (the increase in temperature with depth)
than mainland Norway, which is why geothermal
energy is advocated as a possible source of
renewable energy for Longyearbyen (Senger et
al. 2023b). Onshore surface heat flow data are
sparse and heterogeneous (e.g., Klitzke et al. 2016;
Grad and Majorowicz 2020; Senger et al. 2023b).
Offshore heat flow values range from 80 to > 300
mW/m? from offshore continental slopes to mid-
ocean spreading zones (e.g., Crane et al. 1991;
Okay and Crane 1993; Geissler et al. 2014; Dumke
et al. 2016:; Klitzke et al. 2016) and 40 to 80 mW/
m? onshore in mainland Norway and continental
Europe.

ix) Current and recent uplift - Svalbard is presently
undergoing uplift as measured using the Global
Navigation Satellite System (GNSS; Figure 4A).
Uplift is driven by the elastic response of ice
mass changes and viscoelastic response on glacial
changes in the past. The latter includes a signal
from the glacial retreat after the little ice age, made
possible by a low viscosity asthenosphere layer (e.g.,
Mémin et al. 2014; Nield et al. 2014; Weerdesteijn
et al. 2022). The first permanent GNSS station
(NYAL: Ny-Alesund in 1993) recorded uplift rates
of 6 mm/year in 2000, increasing to 12 mm/yr in
2020 (Kierulf et al. 2022). Other stations including
Longyearbyen (LYRS) and Hornsund (HORN/
WUTH) showed uplift of around 10 mm/year in
2020. GNSS data indicate systematic large annual
variations with a rapid uplift in the short Arctic
summer, and slow subsidence during winter. The

REVIEW

extent of pre-glacial uplift in Svalbard correlates
with gravity anomalies, seismic velocity structure,
and the high rates of glacial isostatic adjustment
(Minakov 2018; Seettem et al. 1994; Dimakis et
al. 1998). We identify the following sources of
uplift at various spatial-temporal scales: a) regional
pre-glacial/Neogene uplift, as indicated by an
erosional unconformity and the progradation of
glacial sediments at the Barents Sea continental
margins. It was suggested that this Neogene uplift
has preconditioned the onset of glaciations (e.g.,
Dimakis et al. 1995). The nature of the Neogene
uplift has been explained by a thin lithosphere/hot
mantle formed during the propagation of seafloor
spreading through the Fram Strait at ca. 20-10
Ma (Engen et al. 2008; Dorr et al. 2012; Minakov
2018); b) postglacial rebound which probably
equilibrated faster and was smaller in amplitude in
the northwest because of the smaller ice thickness
and weak mantle; ¢) viscoelastic response to the
glacial retreat after the little ice age; and d) spatially
varying uplift in response on present day ice
melting.

x) Hydrocarbon formation - Hydrocarbons
form when thick organic-rich units are buried to
depths of ~2-3 km and exposed to temperatures
of 60-120°C over time. The burial history of a
basin, including source rock volume and quality,
sediment thickness, and thermal history, controls
the maturation rates, which in Svalbard shows
strong east-west gradients (Olaussen et al. 2025).
Svalbard’s uplift rates affect petroleum systems
(Henriksen et al. 2011a) notably through ongoing
active thermogenic gas generation and hydrocarbon
re-migration. Natural gas, while an energy source,
is also a greenhouse gas. Permafrost onshore
temporarily caps migrating gas (Birchall et al. 2023;
Birchall 2023) but uplift affects pore fluid pressures,
leading to near-surface gas migration (Hornum et
al. 2020) including via pingos and glacial forefields
(Hodson et al. 2020; Kleber et al. 2023; Hodson
et al. 2025). In Svalbard’s relatively shallow fjords,
natural gas seepage is strongly controlled by the
subsurface architecture (source rocks, fault zones;
Rodes et al. 2023). Natural gas hydrates likely exist
onshore and offshore (Betlem et al. 2019, 2021).
Gas hydrates hold more gas per unit rock volume
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than conventional shallow gas reservoirs and can
have rapid and considerable short-term climate

feedbacks via rapid losses of thermodynamic
stability (e.g., Portnov et al. 2016).

3. Contributions to interdisciplinarity

Geoscientists have a diverse toolbox, working
across a broad range of scales (both temporal
and spatial) and utilising a variety of data sets and
methodologies (see Senger et al. 2024a). Whilst
research typically has focussed on basic and applied
topics of the geosphere, there is increasing attention
and value being placed on interdisciplinary research
that ties geosciences to the other spheres. Figure
AF3 in Senger et al. (2024a) takes a global view of
this, and summarises changes that traverse scales
and spheres, as well as the human and non-human
contributions. The cryosphere is not included but
is crucial when considering Svalbard or other Arctic
and polar regions (Figure 5).

There are ample studies linking the solid Earth to
processes occurring on or above the Earth’s surface.
One example is the link between topography
and atmospheric conditions (e.g., wind patterns,
temperature, precipitation, snow depth; Skeie and
Grgnés 2000; Reeve and Kolstad 2011; Kilpeldinen
et al. 2011). Similarly, sub-sea topography (i.e.,
bathymetry) influences oceanic circulation and
water mass exchange, thereby establishing direct
geosphere-hydrosphere linkage. Over geological
times, the landscapes change due to tectonic and
geomorphic processes, including uplift, subsidence,
deformation, sea-level changes, deposition,
and erosion. Studies show how tectonic events
influence regional-global climate (e.g., Andes,
Himalayas; Armijo et al. 2015; Clift 2017), but also
how climate influences the tectonic evolution of
mountain belts (e.g., Whipple 2009). Such tectonic-
climatic couplings have been largely overlooked
in Svalbard to date, even though land uplift
inevitably facilitated the initiation of glaciations.
Conversely, the globally important opening of the
Fram Strait with implications on oceanographic
exchange to the Arctic Ocean has been covered
through oceanography, geophysics (Dumais et
al. 2022), plate tectonic and palaeoceanographic

reconstructions (Engen et al. 2008; Straume et al.
2020), dating onshore fault movements (Haaland et
al. 2024), and thermal evolution (Meier et al. 2024).

The deep-time palaeoclimatic signal recorded in
the geosphere (see section 2.3) is paramount to
understanding how the different spheres interact
in the absence of human influence (Figure AF3 and
AF4 in Senger et al. 2024a). Considering global
mass extinctions, for instance the end-Permian
mass extinction, the geological record allows
geoscientists to decipher its causes, how this event
affected the atmosphere, hydrosphere, biosphere
and geosphere 252 million years ago, and how the
planet responded in its aftermath (Hurum et al.
2018; Zuchuat et al. 2020). Deep-time geological
records also inform us about the evolution of life,
linking the geosphere and biosphere. Svalbard’s
rock record includes globally significant fossil
finds that determined our understanding of life
evolution, including Ordovician fish fossils (Bockelie
and Fortey 1976), one of the oldest reconstructed
fossil fish brains (Stensi® 1927), one of the world’s
oldest forests in the Devonian (Berry and Marshall
2015), the world’s oldest ichthyosaur from the
Early Triassic (Kear et al. 2023), marine reptiles
from the Jurassic to Cretaceous transition (Delsett
et al. 2016), Cretaceous dinosaur footprints at
northern latitudes (Lapparent 1962), the migration
of pantodonts from North America to Europe in
the Palaeocene (Lithje et al. 2010) and the lush
vegetation, including deciduous forests, growing
throughout the polar night (Clifton 2012).

Considering the Earth System in three dimensions
is important in understanding how processes at
depth manifest at the surface. The 3D architecture
of faults, for instance, controls fluid migration
(e.g., natural gas, groundwater), methane seeps
(SIOS Core Data 1.17; Rodes et al. 2023; Hodson
et al. 2025) and springs of natural waters.
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Multidisciplinary data integration (as discussed
in section 2.2) facilitates building multi-scale 3D
models of the Earth. Adding the deep-time (section
2.3) and deep-Earth (section 2.4) dimensions
expands this to 4D and allows the appreciation of
how processes from depth to the surface influence
each other through time.

The cryosphere has direct interaction with all other
spheres. Onshore, permafrost caps natural gas and
prevents it (for the time being) from being released
to the atmosphere (Birchall et al. 2023). In the same
geological conditions in Svalbard’s fiords, the same
natural gas is vented to the shallow ocean (Rodes
et al. 2023). Gas hydrates may be locally present
both onshore (Betlem et al. 2019) and in Svalbard’s
fiords (Betlem et al. 2021), potentially hosting
larger volumes of greenhouse gases that could get
destabilised as climate change continues (Hanssen-
Bauer et al. 2019). The permafrost thickness is in
general poorly constrained, but is fundamentally

.

Topography

*\ Evaporation
Precipitation

I Permafrost

o

Geological
record

REVIEW

controlled by topography, meteorology, geothermal
heat flux and the presence and style of glaciers.

In summary, geoscientists study (1) the interactions
between the geosphere and geofluids, and (2)
how the geosphere interacts with the entire Earth
System (Figure 5). The research is undertaken at two
very different scales: 1) “Anthropocene”; i.e., how
these interactions have and will influence human
development, and 2) deep-time; i.e., how these
interactions are recorded in the geological past.

The aim of this contribution is to outline the broad
field of geosciences. In the future, we would like
to see targeted interdisciplinary projects that
address the interactions between the geosphere
and other spheres. We foresee that geospatial
data analytics may be an excellent foundation to
discover relationships between various elements
(e.g., bedrock geology, topography, atmospheric
parameters, glacier properties, vegetation, uplift).
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4. Unanswered questions

We consider overarching themes that multi-
disciplinary geoscientific teams should prioritise
within the next decade (i.e., towards the next
International Polar Year, IPY, in 2032/33):

1. Dataintegration and joint interpretation (section

2.2)

a. How can heterogeneous, multi-scale, multi-
physical, multi-temporal, multi-disciplinary
geoscientific data sets be consolidated and
harmonised to facilitate joint interpretation
by geoscientists?

b. What data formats, software, and workflows
are desired to facilitate the enhanced usage
of data analytics (including machine learning/
Al) in geosciences? 3.

c. What is the spatial coverage of key geological
data sets and where should the community
focus when planning new acquisition
campaigns?

d. How can this heterogeneous data be made
freely available to the scientific community
and the general public?

e. How can the scientific findings be efficiently
translated and shared with local communities
and decision makers?

2. Deep-time palaeoclimate, palaeoenvironment

and tectonic evolution (section 2.3)

a. When did the Fram Strait open as a deep-
water oceanic gateway? How did this
influence the global oceanic circulation
patterns?

b. How does the stratigraphy of the Cenozoic
sediments reflect the climatic and tectonic
influences? How can processes related

to tectonic-climatic coupling be better
understood?

c. How systematic or heterogeneous is
the Earth’s System and the response of
sedimentary basins to hyperthermal events?

d. Which parts of Svalbard’s stratigraphy are
well dated (radiometrically and otherwise),
what are the uncertainties of the age models,
and where are the key data gaps warranting
further research?

e. How can Svalbard’s rock record improve
global marine and terrestrial biodiversity
curves, especially for high-resolution
intervals?

Deep-Earth and coupling of deep and shallow

processes (section 2.4)

a. How and why does present-day uplift vary
laterally? What are the underlying processes
controlling it and how does the crustal
structure influence their surface expression?
What models, in addition to ice mass loss,
can be used to explain the geodetic trends
from GNSS stations?

b. How did the landscape evolve in the past,
including spatially varying exhumation rates,
and links to tectono-climatic processes (link
2b)?

c. Why do large earthquakes occur in Svalbard,
particularly in Storfjorden, and can the
seismicity pattern be predicted/understood?

d. Why does the present-day (and past) heat
flow vary laterally across Svalbard and where
are the geothermal hot spots?

e. What is the extent and thickness of onshore
and near-shore permafrost?

5. Recommendations for the future

We have provided 28 concrete recommendations
within 5 main categories in Appendix 1. In summary,
we recommend that SIOS:

e Promotes the geosphere as a central and e
important element within the SIOS community
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by actively seeking geosphere-themed sessions
at key conferences, SIOS-led infrastructure
calls, future SESS report chapters and outreach
activity.

Utilises SIOS’ data management expertise to
support the geoscientific community in Svalbard



to make the heterogeneous geoscientific
data FAIRly available. This can be achieved
through providing transformation tools,
recommendations on data repositories, soliciting
geosphere-focussed data papers and considering
how more static regional geoscientific data can
complement the more traditional time-series
focussed SIOS core data.

e Takes an active role in adequate documentation,
long-term storage and active re-use of physical
material (i.e., rock samples, drill cores) by
re-vitalising the Svalbard Rock Vault concept and
enhancing the possibility of registering physical
location of samples through the RiS Portal.

6. Data availability

Geoscientists work with heterogeneous data sets
spanning across both depth and temporal scales.
Not all data sets are curated, and none are presently
available in the SIOS data portal. However, many
data sets are important to put SIOS data (SIOS
Core Data and other data) into a regional context.
To facilitate this, and set the scene for including
more geoscientific data in SIOS in the future, we
have categorised all geoscientific data in five main
categories (Table ATé6 in Senger et al. 2024a).
Furthermore, we provide a list of well-documented
data sets with corresponding data papers (Table 1)
and useful online geoscientific resources and online
data portals (Appendix 2). Finally, we list both

REVIEW

e Strives to transform “data” (geosphere-related
and otherwise) into “products”, with societal or
scientific relevance by conducting questionnaires
with key stakeholders on what geoscientific data
are crucial, regularly providing geospatial data
packages and organising geosphere-focussed
hackathons.

e Serves as a platform connecting the
geosphere community with other scientific
communities through co-ordinating boat-based
multidisciplinary expeditions and supports the
development of large-scale geoscience projects
leading up to the International Polar Year in
2032/33.

generic and thematic data repositories suitable for
the various data sets (Appendix 3).

Not all heterogeneous geoscientific data (Table
AT6 in Senger et al. 2024a) facilitate FAIR data
management, partly due to lack of recognised
data standards and “digitisation” of essentially
non-digitisable data (e.g., unstructured data in
thousands of publications on Svalbard geology).
However, as the data revolution also reaches the
geosciences, offering new opportunities with data
analytics/Al, the Svalbard geoscientific community
should embrace this challenge and make data as
much as possible FAIRIly available.

Table 1: Well-documented geological data sets with their corresponding data paper. Geoscientists use a lot more data sets,
many of which are not properly curated as required by SIOS. These are summarised in Table ATé in Senger et al. (2024a).

Dataset Parameter Period Location Metadata access (URL) Dataset provider
Longyearbyen CO, | Various 2006- | Adventdalen Senger et al. (2024b) Kim Senger (ORCID
lab data package 2024 0000-0001-5379-465)
Digital outcrop DOM/DTM 2020 Konusdalen Betlem et al. (2024) Peter Betlem (ORCID
model 0000-0002-6017-9415)
Fossils from Arctic | Physical samples Arctic Nakrem et al. (2023) Hans Arne Nakrem
collection (ORCID 0000-0002-
8024-9281
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9. Appendix 1: Detailed list of recommendations

In the main report we have highlighted five main
recommendations for how SIOS can assist the
geosphere community, and integrate the geosphere
more strongly into SIOS activities. Here we list
these again, but with additional concrete goals that
pave the way to reaching those. We recommend
that SIOS:

1. Promotes the geosphere as a central and
important element within the SIOS community
through:

a. Inclusion of geosphere-themed sessions at
key conferences (SIOS Polar Night Week,
Svalbard Science Conference)

b. Supporting and promoting geosphere-
themed globally relevant international
research projects in and around Svalbard,
specifically scientific drilling under the
auspices of the International Continental
Scientific Drilling Programme (ICDP) and
the International Ocean Drilling Programme
(I0ODP and its successor IODP-3)

c. Continuing to consider the geosphere
in SIOS-led infrastructure proposals (for
instance for a national polar geophysical
equipment pool or enhanced spatial coverage
of GNSS stations including eastern Svalbard
to quantify ongoing uplift)

d. Soliciting geosphere-themed SESS reports,
specifically on the Quaternary, evolution of
life in Svalbard’s record, seismicity, controlling
factors on ongoing uplift and key geoscientific
data types (e.g., geochemistry, geodetic data,
sedimentary logs)

e. Including geosphere-themed elements in its
outreach activity

FAIRly available through:

a.

Providing transformation tools, workflows
and resources for geologists to make
geoscientific data compliant with SIOS-
endorsed data portals

Providing recommendations on which
repositories are suitable for storing and
using various geoscientific data, considering
aspects including the discipline's global
preference, technical suitability and SIOS-
interoperability

Considering extending the long time-series
SIOS core data with more static regional
geological data (e.g., digital outcrop models,
photospheres, subsurface data)
Considering providing data services (e.g.,
visualisation) for FAIR-compliant geological
data

. Working actively with the Svalbard Science

Forum to improve the post-fieldwork
registration of metadata from geological
campaigns

Optimising the interaction between global
thematic geodatabases (Table AT4 in Senger
et al. 2024a) and Svalbard portals (Appendix
2)

Soliciting data papers, perhaps through a
SIOS-led special issue, on geoscientific topics
such as palaeoclimate, sedimentary logs,
geophysical (seismic, ERT, GPR etc.) data

. Considering how unstructured data from

centuries of geoscientific exploration
of Svalbard can be made available and
interoperable to the community

Influencing policy makers to work towards a
user-centred Svalbard-wide geospatial data
portal to enhance cross-disciplinary research

2. Utilises its data management expertise to 3. Takes an active role in adequate documentation,
long-term storage and active re-use of physical
material (i.e., rock samples, drill cores) by:

support the geoscientific community in Svalbard
to make the heterogeneous geoscientific data
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a. Re-vitalising the Svalbard Rock Vault concept

with the relevant partners (UNIS, SNSK,
NPI, NHM, NGU, Mining Commissioner,
international partners) to provide a location
for long-term storage and active re-use of
physical material

. Working actively with the Svalbard Science

Forum to enhance the capability of the
RiS Portal to register sample metadata and
sample physical locations

. Providing an overview of the physical storage

sites of geological objects from Svalbard,
building on the efforts by the Svalbard Rock
Vault initiative

4. Strives to transform “data” (geosphere-related

2
3

and otherwise) into “products”, with societal or
scientific relevance through:
a. Conducting a questionnaire with key

stakeholders on their knowledge needs and
map this to existing competence clusters
(e.g., depth to basement in Longyearbyen
area, regional land uplift map)

. Providing regularly updated geospatial data

packages (with QGreenland? as a role model)

https:/ggreenland.org/

https://climatearchive.org/

REVIEW

to enhance relevant data usage and maximise
cross-disciplinary research time

. Organising hackathons linking the geo-

scientific and data analytics communities
on clearly defined goals (e.g., automatic
extraction of data from unstructured data
sets like publications, reports etc.)

. Considering how data can be best presented

to society and the scientific community, with
inspiration from climatearchive®.

5. Serves as a platform connecting the geosphere-
community with other scientific communities by:
a. Considering organising regular (user-funded)

boat-based multidisciplinary expeditions
to defined areas of Svalbard (reducing the
environmental impact by joint logistics)

. Enhancing focus on using existing SIOS tools

like the aircraft for geosphere application
(e.g., update the hyperspectral sensor with
wavelengths suitable for bedrock geological

mapping)

. Being active in the development of large-

scale geoscience projects leading up to the
International Polar Year 2032-33.
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Appendix 2: Overview of relevant online resources

Useful geoscientific online resources from Svalbard, including maps and data portals.

Resources

Comment

Online resources (viewing mostly)

GeoSvalbard

Geological maps (vector and images), selected
cross-sections, sample and DOM locations

URL

https:/geokart.npolar.no/geologi/GeoSvalbard/

Svalbardkartet

Multi-disciplinary online portal including
geology, an outdated claim map, national parks
etc.

https:/geokart.npolar.no/Html5Viewer/index.
html?viewer=Svalbardkartet

TopoSvalbard

Topographic map including aerial imagery, old
oblique aerial images

https:/toposvalbard.npolar.no/

VRSvalbard

Photosphere-based atlas of Svalbard’s geology

http:/www.vrsvalbard.com

Svalbox

Norwegian Polar

Digital outcrop models in the context of
regional geology

Basemap services from NPI, including

http:/portal.svalbox.no

Online resources (for direct streaming to GIS software and data download)

https:/geodata.npolar.no/

Data portals

regional geology

Institute (NPI) topography, satellite imagery and most layers as
geodata available on Svalbardkartet
Svalbox Digital outcrop models in the context of http:/portal.svalbox.no

echosounder data

Merian, RV Heincke

BGR Arctic Data repository of Germany’s Geological Survey | https:/arctic.bgr.de/mapapps4/resources/apps/
Repository (BGR) with an Arctic focus, including outcrop arktis/index.html?lang=en
data and geophysical profiles
AWI seismic The map will be linked very soon with the https:/maps.awi.de/awimaps/projects/
profile map Pangaea database to directly access available public/?cu=geophysics_arctic#home
profiles there.
The navigation is not yet available that way.
AWI sediment e.g., from cruises on RV Polarstern, RV Maria S. | Archived on PANGAEA, https:/www.pangaea.

de/?qg=sediment+echo+sounding&maxlat=
81.27311926447925&minlon=2.348750948196061

&maxlon=33.63781344819606&minlat=
76.88785354508799

NGU geodata
portal

Data portal of the Norwegian Geological Survey

https:/geo.ngu.no/geoscienceportalopen/Results?
bookmark=0bf79eb071474cd7a92240d4360b84db

Norwegian
Offshore
Directorate data
portal

Area around Svalbard is not open for petroleum
exploration and seismic data are not available
for open download

https:/www.sodir.no/en/diskos/public-portal/

SESS Report 2024 - The State of Environmental Science in Svalbard



https://geokart.npolar.no/geologi/GeoSvalbard/
https://geokart.npolar.no/Html5Viewer/index.html?viewer=Svalbardkartet
https://geokart.npolar.no/Html5Viewer/index.html?viewer=Svalbardkartet
https://toposvalbard.npolar.no/
http://www.vrsvalbard.com
http://portal.svalbox.no
https://geodata.npolar.no/
http://portal.svalbox.no
https://arctic.bgr.de/mapapps4/resources/apps/arktis/index.html?lang=en
https://arctic.bgr.de/mapapps4/resources/apps/arktis/index.html?lang=en
https://maps.awi.de/awimaps/projects/public/?cu=geophysics_arctic#home
https://maps.awi.de/awimaps/projects/public/?cu=geophysics_arctic#home
https://www.pangaea.de/?q=sediment+echo+sounding&maxlat=81.27311926447925&minlon=2.348750948196061&maxlon=33.63781344819606&minlat=76.88785354508799
https://www.pangaea.de/?q=sediment+echo+sounding&maxlat=81.27311926447925&minlon=2.348750948196061&maxlon=33.63781344819606&minlat=76.88785354508799
https://www.pangaea.de/?q=sediment+echo+sounding&maxlat=81.27311926447925&minlon=2.348750948196061&maxlon=33.63781344819606&minlat=76.88785354508799
https://www.pangaea.de/?q=sediment+echo+sounding&maxlat=81.27311926447925&minlon=2.348750948196061&maxlon=33.63781344819606&minlat=76.88785354508799
https://www.pangaea.de/?q=sediment+echo+sounding&maxlat=81.27311926447925&minlon=2.348750948196061&maxlon=33.63781344819606&minlat=76.88785354508799
https://geo.ngu.no/geoscienceportalopen/Results?bookmark=0bf79eb071474cd7a92240d4360b84db
https://geo.ngu.no/geoscienceportalopen/Results?bookmark=0bf79eb071474cd7a92240d4360b84db
https://www.sodir.no/en/diskos/public-portal/

REVIEW

Appendix 3: Geophysical methods of imaging different parts of
the Earth’s structure

Summary of the different geological and
geophysical techniques used by geoscientists to
infer the physical parameters of the Earth'’s internal

structures and their surface expression. Ordered

Target interval

Indicative depth range (km)
(focussed on continental
domains unless otherwise
specified)

Main geological
and geophysical
technique(s)

Comment

in roughly deep-to-shallow segments, noting that
many processes cross domains over geological
timescales.

References

Lower mantle | ~660-28%0 km Seismic tomography; | Structures include subducted | Jakovlev et al. (2012),
Gravity/geoid slabs, mantle plumes, core Rickers et al. (2013),

boundary dynamics. Seismic Panet et al. (2014),
data typically developed Gaina et al. (2014),
from global models. Limited Toyokuni et al.
resolution, coverage and (20204, b), Celli et al.
sensitivity. (2021)

Upper mantle | ~100-660 km Receiver functions Structures include subducting | Schaeffer and

(including Lithosphere-asthenosphere of converted seismic | slabs, mantle plumes, mineral | Lebedev (2013),
mantle boundary (LAB) to base of the | waves, seismic phase change in transition Wilde-Pidrko (2015)
transition transition zone tomography, gravity/ | zones. Data limitations as for
zone) geoid lower mantle.
Lithosphere- | ~60-280 km under continents | seismic, Major lateral variation from Klitzke et al. (2015),
asthenosphere | ~30-120 km under oceans electromagnetic, thin (12 km) lithosphere at the | Minakov (2018),
boundary petrological, thermal | mid-ocean ridge to 90-100 Grad and Majorowicz
(LAB) and gravity data km beneath the Barents Sea (2020)
Deeper parts | ~20-100 km wide-angle Provides insights into Amundsen et al.
of the crust reflection/ electrical conductivity (i.e., (1987), Skjelkvale
and uppermost refraction seismic fluid content) et al. (1989), lonov
mantle and seismological et al. (20024, b),
methods; Griffin et al. (2012),
Magnetotelluric data; Wilde-Piorko (2015),
Volcanic rocks (i.e., Goncharov et al.
xenoliths) (2015), Czuba (2017),
Selway et al. (2020),
Senger et al. (2024)
Deep to ~0-40 km Magnetotelluric data; | Used for geothermal Eiken (1985, 1994),
shallow crust Seismic reflection exploration near Faleide et al. (1988),
data; Gravity and Longyearbyen and Ny- Olesen et al. (2020),
magnetic data Alesund: Provides insights Baelum et al. (2012),
(potential field). onto the subsurface Dorr et al. (2012),
GNSS stations structures, and outcrop- Senger et al. (2013);
seismic correlations. Burial Blinova et al. (2013);
and exhumation history of Gjermundsen et al.
various rocks; Calculate (2015), Beka et al.
exposure ages and erosion (2015, 2016, 2017),
rates Dumais and Bronner
(2020)
Surface and ~0-10 km GNSS stations; Quaternary geology and Crane et al. (1991),

uppermost
crust (including
sediments)

Apatite fission

track; Cosmogenic
nucleides/exposure
dating; Heat

flow and thermal
conductivity;
outcropping geology

surface outcrops. Recent and
ongoing uplift, mostly located
in western Svalbard. Onshore
and offshore data. Heat flow
measured offshore Svalbard
increases from 80 m\W/m?
near the continental slope to
>300 mW/m? along the mid-
ocean spreading zones

Okay and Crane
(1993), Geissler et
al. (2014), Dumke et
al. (2016), Klitzke et
al. (2016), Grad and
Majorowicz (2020),
Kierulf et al. (2022b,
a) Senger et al.
2023b)

2 SVALGEOL

79



80

References

Amundsen HEF, Griffin WL, O'Reilly SY (1987) The lower
crust and upper mantle beneath northwestern Spitsbergen:
evidence from xenoliths and geophysics. Tectonophysics
139:169-185. https:/doi.org/10.1016/0040-
1951(87)90095-3

Baelum K, Johansen TA, Johnsen H et al (2012) Subsurface
structures of the Longyearbyen CO 2 Lab study area in
Central Spitsbergen (Arctic Norway), as mapped by reflection
seismic data. Nor J Geol 92:377-389

Beka TI, Bergh SG, Smirnov M, Birkelund Y (2017)
Magnetotelluric signatures of the complex tertiary fold-
thrust belt and extensional fault architecture beneath
Braggerhalvaya, Svalbard. Polar Res 36:. https://doi.org/10.1
080/17518369.2017.1409586

Beka TI, Smirnov M, Bergh SG, Birkelund Y (2015) The first
magnetotelluric image of the lithospheric-scale geological
architecture in central Svalbard, Arctic Norway. Polar Res 34-.
https:/doi.org/10.3402/polarv34.26766

Beka TI, Smirnov M, Birkelund Y et al (2016) Analysis and 3D
inversion of magnetotelluric crooked profile data from central
Svalbard for geothermal application. Tectonophysics 686:98-
115. https:/doi.org/10.1016/j.tecto.2016.07.024

Blinova M, Faleide JI, Gabrielsen RH, Mjelde R (2013)
Analysis of structural trends of sub-sea-floor strata in the
Isflorden area of the West Spitsbergen Fold-and-Thrust Belt
based on multichannel seismic data. J Geol Soc 170:657-
668. https:/doi.org/10.1144/jgs2012-109

Celli NL, Lebedev S, Schaeffer AJ, Gaina C (2021) The tilted
Iceland Plume and its effect on the North Atlantic evolution
and magmatism. Earth Planet Sci Lett 569:117048. https:/
doi.org/10.1016/j.epsl.2021.117048

Crane K, Sundvor E, Buck R, Martinez F (1991) Rifting in

the northern Norwegian-Greenland Sea: Thermal tests of
asymmetric spreading. J Geophys Res Solid Earth 96:14529-
14550. https:/doi.org/10.1029/91JB01231

Czuba W (2017) 3-D seismic tomographic modelling of the
crustal structure of northwestern Svalbard based on deep
seismic soundings. Geophys J Int 208:508-520. https:/doi.

Selection of Regional Seismic Transects. Norsk Polarinstitutt,
Oslo

Faleide JI, Gudlaugsson ST, Eiken O, Hanken NM (1988)
Seismic structure of Spitsbergen: Implications for Tertiary
deformation. Nor Polarinst Rapp 46:46-50

Gaina C, Medvedev S, Torsvik TH et al (2014) 4D Arctic: A
Glimpse into the Structure and Evolution of the Arctic in

the Light of New Geophysical Maps, Plate Tectonics and
Tomographic Models. Surv Geophys 35:1095-1122. https:/
doi.org/10.1007/s10712-013-9254-y

Geissler WH, Pulm PV, Jokat W, Gebhardt AC (2014)
Indications for the Occurrence of Gas Hydrates in the
Fram Strait from Heat Flow and Multichannel Seismic
Reflection Data. J Geol Res 2014:582424. https://doi.
org/10.1155/2014/582424

Gjermundsen EF, Briner JP, Akcar N et al (2015) Minimal
erosion of Arctic alpine topography during late Quaternary
glaciation. Nat Geosci 8:789-792. https:/doi.org/10.1038/
ngeo2524

Goncharov AG, Nikitina LP, Borovkov NV et al (2015) Thermal
and redox equilibrium conditions of the upper-mantle
xenoliths from the Quaternary volcanoes of NW Spitsbergen,
Svalbard Archipelago. Russ Geol Geophys 56:1578-1602.
https:/doi.org/10.1016/j.rgg.2015.10.006

Grad M, Majorowicz J (2020) Geophysical properties of the
crust and upper mantle of the ocean-continent transition

in Svalbard area. Pol Polar Res 41:1-22. https:/doi.
org/10.24425/ppr.2020.132567

Griffin WL, Nikolic N, O'Reilly SY, Pearson NJ (2012)
Coupling, decoupling and metasomatism: Evolution of
crust-mantle relationships beneath NW Spitsbergen. Lithos
149:115-135. https:/doi.org/10.1016/j.lithos.2012.03.003

lonov DA, Bodinier J-L, Mukasa SB, Zanetti A (2002a)
Mechanisms and Sources of Mantle Metasomatism: Major
and Trace Element Compositions of Peridotite Xenoliths
from Spitsbergen in the Context of Numerical Modelling.
J Petrol 43:2219-2259. https://doi.org/10.1093/
petrology/43.12.2219

org/10.1093/gji/ggw418

Dorr N, Lisker F, Clift PD et al (2012) Late Mesozoic-
Cenozoic exhumation history of northern Svalbard and its
regional significance: Constraints from apatite fission track
analysis. Tectonophysics 514-517:81-92. https://doi.
org/10.1016/j.tecto.2011.10.007

Dumke I, Burwicz EB, Berndt C et al (2016) Gas
hydrate distribution and hydrocarbon maturation north
of the Knipovich Ridge, western Svalbard margin. J
Geophys Res Solid Earth 121:1405-1424. https:/doi.
org/10.1002/2015JB012083

Eiken O (1985) Seismic mapping of the post-Caledonian
Svalbard. Polar Res 3:167-176. https://doi.org/10.3402/
polar.v3i2.6950

Eiken O (1994) Seismic Atlas of Western Svalbard: A

lonov DA, Mukasa SB, Bodinier J-L (2002b) Sr-Nd-Pb
Isotopic Compositions of Peridotite Xenoliths from
Spitsbergen: Numerical Modelling Indicates Sr-Nd
Decoupling in the Mantle by Melt Percolation Metasomatism.
J Petrol 43:2261-2278. https://doi.org/10.1093/
petrology/43.12.2261

Jakovlev AV, Bushenkova NA, Koulakov IYu, Dobretsov NL
(2012) Structure of the upper mantle in the Circum-Arctic
region from regional seismic tomography. Russ Geol Geophys
53:963-971. https:/doi.org/10.1016/j.rgg.2012.08.001

Kierulf HP, Kohler J, Boy J-P et al (2022a) Time-varying
uplift in Svalbard—an effect of glacial changes. Geophys J Int
231:1518-1534. https:/doi.org/10.1093/gji/ggac264

Kierulf HP, van Pelt WJJ, Petrov L et al (2022b) Seasonal
glacier and snow loading in Svalbard recovered from geodetic

SESS Report 2024 - The State of Environmental Science in Svalbard


https://doi.org/10.1016/0040-1951(87)90095-3
https://doi.org/10.1016/0040-1951(87)90095-3
https://doi.org/10.1080/17518369.2017.1409586
https://doi.org/10.1080/17518369.2017.1409586
https://doi.org/10.3402/polar.v34.26766
https://doi.org/10.1016/j.tecto.2016.07.024
https://doi.org/10.1144/jgs2012-109
https://doi.org/10.1016/j.epsl.2021.117048
https://doi.org/10.1016/j.epsl.2021.117048
https://doi.org/10.1029/91JB01231
https://doi.org/10.1093/gji/ggw418
https://doi.org/10.1093/gji/ggw418
https://doi.org/10.1016/j.tecto.2011.10.007
https://doi.org/10.1016/j.tecto.2011.10.007
https://doi.org/10.1002/2015JB012083
https://doi.org/10.1002/2015JB012083
https://doi.org/10.3402/polar.v3i2.6950
https://doi.org/10.3402/polar.v3i2.6950
https://doi.org/10.1007/s10712-013-9254-y
https://doi.org/10.1007/s10712-013-9254-y
https://doi.org/10.1155/2014/582424
https://doi.org/10.1155/2014/582424
https://doi.org/10.1038/ngeo2524
https://doi.org/10.1038/ngeo2524
https://doi.org/10.1016/j.rgg.2015.10.006
https://doi.org/10.24425/ppr.2020.132567
https://doi.org/10.24425/ppr.2020.132567
https://doi.org/10.1016/j.lithos.2012.03.003
https://doi.org/10.1093/petrology/43.12.2219
https://doi.org/10.1093/petrology/43.12.2219
https://doi.org/10.1093/petrology/43.12.2261
https://doi.org/10.1093/petrology/43.12.2261
https://doi.org/10.1016/j.rgg.2012.08.001
https://doi.org/10.1093/gji/ggac264

observations. Geophys J Int 229:408-425. https:/doi.
org/10.1093/gji/ggab482

Klitzke P, Faleide JI, Scheck-Wenderoth M, Sippel J (2015)
A lithosphere-scale structural model of the Barents Sea
and Kara Sea region. Solid Earth 6:153-172. https:/doi.
org/10.5194/se-6-153-2015

Klitzke P, Sippel J, Faleide JI, Scheck-Wenderoth M (2016)
A 3D gravity and thermal model for the Barents Sea and
Kara Sea. Tectonophysics 684:131-147. https:/doi.
org/10.1016/j.tecto.2016.04.033

Minakov A (2018) Late Cenozoic lithosphere dynamics
in Svalbard: Interplay of glaciation, seafloor spreading
and mantle convection. J Geodyn 122:1-16. https:/doi.
org/10.1016/j.jog.2018.09.009

Okay N, Crane K (1993) Thermal rejuvenation of the
Yermak Plateau. Mar Geophys Res 15:243-263. https:/doi.
org/10.1007/BF01982384

Panet |, Pajot-Métivier G, Greff-Lefftz M et al (2014) Mapping
the mass distribution of Earth’s mantle using satellite-

derived gravity gradients. Nat Geosci 7:131-135. https:/doi.
org/10.1038/nge02063

Rickers F, Fichtner A, Trampert J (2013) The Iceland-Jan
Mayen plume system and its impact on mantle dynamics
in the North Atlantic region: Evidence from full-waveform
inversion. Earth Planet Sci Lett 367:39-51. https:/doi.
org/10.1016/j.epsl.2013.02.022

Schaeffer AJ, Lebedev S (2013) Global shear speed structure
of the upper mantle and transition zone. Geophys J Int
194:417-449. https://doi.org/10.1093/gji/ggt095

Selway K, Smirnov MY, Beka T et al (2020)

Magnetotelluric Constraints on the Temperature,
Composition, Partial Melt Content, and Viscosity
of the Upper Mantle Beneath Svalbard. Geochem

REVIEW

Geophys Geosystems 21:2020GC008985. https:/doi.
org/10.1029/2020GC008985

Senger K, Betlem P, Braathen A et al (2024) Longyearbyen
CO2 lab project - from a vision of a CO2-neutral Svalbard
to a geoscience data eldorado. Arct Sci. https:/doi.
org/10.1139/as-2024-0019

Senger K, Nuus M, Balling N et al (2023) The subsurface
thermal state of Svalbard and implications for geothermal
potential. Geothermics 111:102702. https:/doi.
org/10.1016/j.geothermics.2023.102702

Senger K, Roy S, Braathen A et al (2013) Geometries of
doleritic intrusions in central Spitsbergen, Svalbard: an
integrated study of an onshore-offshore magmatic province
with implications for CO2 sequestration. Nor J Geol 93:143-
166

Skjelkvale B-L, Amundsen HEF, O'Reilly SY et al (1989) A
primitive alkali basaltic stratovolcano and associated eruptive
centres, Northwestern Spitsbergen: Volcanology and tectonic
significance. J Volcanol Geotherm Res 37:1-19. https:/doi.
org/10.1016/0377-0273(89)90110-8

Toyokuni G, Matsuno T, Zhao D (2020a) P Wave
Tomography Beneath Greenland and Surrounding
Regions: 1. Crust and Upper Mantle. J Geophys
Res Solid Earth 125:€2020JB019837. https://doi.
org/10.1029/2020JB019837

Toyokuni G, Matsuno T, Zhao D (2020b) P Wave Tomography
Beneath Greenland and Surrounding Regions: 2. Lower
Mantle. J Geophys Res Solid Earth 125:e2020JB019839.
https://doi.org/10.1029/2020JB019839

Wilde-Piorko M (2015) Crustal and upper mantle seismic
structure of the Svalbard Archipelago from the receiver
function analysis. Pol Polar Res 36:89-107. https:/doi.
org/10.1515/popore-2015-0009

2 SVALGEOL

81


https://doi.org/10.1093/gji/ggab482
https://doi.org/10.1093/gji/ggab482
https://doi.org/10.5194/se-6-153-2015
https://doi.org/10.5194/se-6-153-2015
https://doi.org/10.1016/j.tecto.2016.04.033
https://doi.org/10.1016/j.tecto.2016.04.033
https://doi.org/10.1016/j.jog.2018.09.009
https://doi.org/10.1016/j.jog.2018.09.009
https://doi.org/10.1007/BF01982384
https://doi.org/10.1007/BF01982384
https://doi.org/10.1038/ngeo2063
https://doi.org/10.1038/ngeo2063
https://doi.org/10.1016/j.epsl.2013.02.022
https://doi.org/10.1016/j.epsl.2013.02.022
https://doi.org/10.1093/gji/ggt095
https://doi.org/10.1029/2020GC008985
https://doi.org/10.1029/2020GC008985
https://doi.org/10.1139/as-2024-0019
https://doi.org/10.1139/as-2024-0019
https://doi.org/10.1016/j.geothermics.2023.102702
https://doi.org/10.1016/j.geothermics.2023.102702
https://doi.org/10.1016/0377-0273(89)90110-8
https://doi.org/10.1016/0377-0273(89)90110-8
https://doi.org/10.1029/2020JB019837
https://doi.org/10.1029/2020JB019837
https://doi.org/10.1029/2020JB019839
https://doi.org/10.1515/popore-2015-0009
https://doi.org/10.1515/popore-2015-0009

82

Appendix 4 - Data packages

The data packages described below can be found
in the digital appendix:*

Data package ADP1 - QGIS data package

QGIS data package with QGIS projects and a
selection of key geological and geophysical data
in Svalbard (see Table AT3 in Senger et al. 2024a).
Package includes navigational files of the available
geophysical data in Svalbard.

Data package ADP2 - GPlates data package

GPlates data package including the global GeoData
data set by Zahirovic (2023) and corresponding
publications. Relevant data was added to the
project, and the full data set is included for further
personalisation by the user. The geological map
(Dallmann 2015) and various geophysical data
as described in data package ADP1 were also
included.

Data package ADP3 - Thermochronology data
compilation

Example data set of Apatite fission track data from
Svalbard compiled in .csv and NET-CDF format
as a showcase for thematic data harvesting and

4 https:/doi.org/10.5281/zenodo.14216541
5 https:/scholar.google.com/
6 https:/www.researchinsvalbard.no/

the still existing mismatch between the NET-
CDF formatting and the heterogenous nature of
geological data.

Data compiled by Cornelia Spiegel, adapted by
Fenna Ammerlaan.

Data from: Blythe and Kleinspehn (1998); Dorr et
al. (2012, 2019a, b), Schaaf et al. (2021), Japsen et
al. (2023), Meier et al. (2024)

Data package ADP4 - Reference collection

Zotero RDF and Bibtex file of the collection of
references used in both the main text and appendix.
This collection contains the key publications of
both geological and geophysical work done in
Svalbard and can be imported in other reference
management systems.

Data package ADP5 - Research in Svalbard portal
and google scholar data

Data set used for the analysis of the geological
research done in Svalbard as discussed in section
2.1 and illustrated in Figure 2. Data retrieved from
Google Scholar® and from the Research in Svalbard
Portal (RiS)e.
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Coverage map of various geological and geophysical data points acquired in Svalbard. Data is available through the QGIS

data package and relevant publications can be found in the complementary Table Aé.
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1. Introduction

Around 56% of the Svalbard archipelago is covered
by glaciers and ice caps (RGI 7.0 2023). Several
of these have displayed unstable ice flow called a
‘surge”, where a glacier accelerates over just a few
years following multiple decades of slow flow. These
surge-type glaciers can lead to enhanced mass
loss over decades (McMillan et al. 2014; Morris et
al. 2020). The cycle between fast and slow flow
results from a switch in the subglacial hydrological
system from one with efficient drainage and low
water pressure, to one with inefficient drainage
and high water pressure, leading to enhanced basal
sliding (Thggersen et al. 2019). Benn et al. (201%a)
aimed to generalise this process, whereby surges
initiate due to a change in basal enthalpy (water
and temperature), i.e., a low enthalpy state with low
subglacial water pressure to a high enthalpy state
with high basal water pressure. However, coupling
enthalpy changes to sliding remains difficult (Terleth
et al. 2021).

The number of surge-type glaciers in Svalbard
has been estimated to be between 10% and 90%
depending on the classification technique used,
although ~21% have displayed surge behaviour
(Sevestre and Benn 2015; K3ab et al. 2023; Koch
et al. 2023). Although historical aerial photographs
and archival maps have revealed past surges as

REVIEW

far back as 1850 (Lefauconnier and Hagen 1991;
Hagen et al. 1993; Geyman et al. 2022), these are
snapshots and do not document surge velocities,
terminus advance rates, mass transfer, triggers or
subglacial conditions. Palaeo-glaciological studies
have partially bridged this gap (Farnsworth et al.
2016; Flink et al. 2018; McCerery et al. 2024) but
these studies can only infer past dynamics from
the landform record, which can be censored by
weathering and postglacial sedimentation. Even
in the satellite era with dense observations that
can detect active surges (Kaab et al. 2023; Koch
et al. 2023) we have relied on in situ geophysical
observations to study subglacial drivers of a surge
(Sevestre et al. 2015; Bouchayer et al. 2024). In this
chapter, we review the current state of the art in
detecting and monitoring glacier surges in Svalbard
from Earth Observation (EO) data, geophysics and
palaeo-glaciological landforms. From this review,
we construct a new database (Appendix 1) of
observed and inferred surges in Svalbard along
with their associated characteristics (e.g., start and
end of a surge, maximum velocity). We use both
the literature review and the new database to
recommend priority areas for future research and
the development of research infrastructure (RI) that
will help researchers achieve these goals.

2. Previous Compilations of Surging Glaciers in Svalbard

There have been several attempts to compile a
database of surge-type glaciers in Svalbard based
on different methodologies. Lefauconnier and
Hagen (1991) compiled a detailed list of surge-type
glaciers in eastern Svalbard that terminate into the
ocean and discharge icebergs into the Barents Sea.
Based on their analysis, they estimated that 20%
of glaciers in Svalbard are likely to be surge-type.
Similarly, Hagen et al. (1993) developed the first
Svalbard-wide inventory of surge-type glaciers,
documenting recorded surges from historical
observations, satellite imagery and archival aerial

photographs. In comparison, statistical analysis of
variables that control surging (e.g., bed lithology,
glacier geometry) have suggested that only 13%
of Svalbard’s glaciers are surge-type (Jiskoot et
al. 1998, 2000). To improve upon these earlier
methodologies, Sevestre and Benn (2015) compiled
a global database of surge-type glaciers from ice
flow velocities, detected terminus advances and
geomorphological evidence (e.g., crevasse-squeeze
ridges, eskers, looped moraines). An updated
version of this database is currently available in
the Randolph Glacier Inventory version 7 (RGI
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v7) (RGI 7.0 Consortium 2023). In RGI v7, there
are 1,583 glaciers in Svalbard, of which Sevestre
and Benn (2015) estimated that 17% (263) have
shown signatures of past surge activity (n.b. this
differs slightly from the original publication due
to updated documentation on surges). Only 8%
(125) have been directly observed to surge, which
is lower than the statistical studies of Jiskoot et al.
(1998: 2000). A total of 83% (1,320) have shown
no signatures of surge behaviour.

Other studies have suggested that the presence of
diagnostic landforms associated with surging, such
as crevasse-squeeze ridges (CSRs) (Evans and Rea
1999: Lovell and Boston 2017), represents direct
evidence of past surge activity. Farnsworth et al.
(2016) interrogated centimetre resolution aerial
imagery and found that 431 forefields in Svalbard
contained CSRs, which equates to 43% of glaciers

in Svalbard (although only 27% of the RGI 7.0,
see discussion below). Because of the difficulty of
directly observing glacier surges before the satellite
era, statistical models have been developed to
classify the probability of a glacier being surge-
type. Hamilton and Dowdeswell (1996) found
that Svalbard glaciers had a higher probability of
being surge-type as they were generally longer
than other glaciers. This agrees with other findings
using logistic regression (Jiskoot et al. 1998, 2000),
which found length and surface slope to be key
determinants of surge prevalence in Svalbard.
Bouchayer et al. (2022) trained several machine
learning models with data on mass balance, glacier
geometric features and climatic data and found that
17% of all glaciers larger than 1 km? could be surge-
type, although when considering glaciers of all size
classes, this equates to only 10%.

3. Monitoring Contemporary Glacier Surges

3.1. Observational Pyramid

Comprehensive monitoring of modern-day surges
in Svalbard and their associated dynamics relies
upon remote sensing at multiple scales using the
so-called “Observational Pyramid” (Figure 1). This
requires the integration of various technologies
such as satellite imaging, aerial drones (UAVs),
geophysical instruments, on-ice GPS, autonomous
surface vehicles (USVs), and autonomous
underwater vehicles (AUVs). Satellites offer long-
term, Svalbard-wide monitoring through sensors
such as visible imaging cameras, synthetic aperture
radar (SAR), and hyperspectral instruments,
although with coarse (5-50 m) spatial resolution.
UAVs, by contrast, capture high-resolution data at
lower altitudes, using a range of sensors to focus on
specific areas such as glacier fronts, or to map entire
glaciers with more complex missions. Geophysical
sensors, such as seismometers and ground-
penetrating radar (GPR), can detect subsurface
processes and are crucial for observing subglacial
conditions driving surges In situ monitoring of ice
dynamics is best achieved using on-ice GPS devices

connected to the Global Navigation Satellite System
(GNSS). Meanwhile, USVs operate near the water’s
surface, collecting key data on processes such as
meltwater discharge rates. AUVs dive deeper, using
sonar to map the seafloor, which aids both palaeo-
glaciological surveys and the mapping of subsurface
calving fronts. Improving the accuracy, resolution,
and coordination of these observational methods is
critical for acquiring more precise, integrated data
to better understand surging glacier dynamics.

3.2. Satellite Earth Observation (EO)

The most detailed record of glacier surge behaviour
in Svalbard has been recorded over the satellite era
extending back to the 1960s. An actively surging
glacier in Svalbard typically undergoes a multi-year
speed-up and then decelerates gradually (Figure 2)
and this pattern can be used to detect an active
surge from continuous satellite monitoring (Koch
et al. 2023). Before 2000, velocity maps were
restricted to accessibility of image pairs covering a
region of Svalbard due to the longer revisit periods
of satellites (Dowdeswell and Collin 1990; Rolstad
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Figure 1: lllustration of the different methods used to monitor and detect glacier surges in Svalbard. Photo Credits: ‘Drone’
image - Richard Hann. ‘TLS), ‘Time-lapse Camera’ and ‘ApRES’ images: William Harcourt. ‘Airborne Imagery’ and ‘Historical
Imagery’ images - TopoSvalbard. ‘Historical Maps’ and ‘Land-based GPR’ image - Erik Mannerfelt. ‘Seismics’ and ‘DAS’

image - Wojciech Gajek.

et al. 1997). Furthermore, despite the relative
paucity of appropriate SAR images over Svalbard,
INSAR has successfully been used to detect unstable
ice flow during a surge (Murray et al. 2003). Now,
with the open release of historical satellite imagery,
long-term velocity time series are available (e.g.,
Strozzi et al. 2017), enabling the detection of
historical surges (Nuth et al. 2019). In the 2000s,
velocity data were acquired primarily from satellites
such as ERS-1/2, RADARSAT and ASTER data
(Mansell et al. 2012; Murray et al. 2003) but also
high resolution TerraSAR-X images (Luckman et
al. 2015). Since 2014, the density of ice velocity
observations has significantly increased due to
the simultaneous orbits of Sentinel-1, Sentinel-2,
Landsat 8 and Landsat 9, leading to several global
open access databases (Friedl et al. 2021; Lei et
al. 2022; Figure 2). The higher temporal resolution
also enables tracking of surge dynamics in more
detail, such as the impact of seasonal ice flow
variations which may be imprinted on the surge
velocity pattern (Benn et al. 2022). However, these
measurements struggle to detect anomalous flow
patterns on smaller valley glaciers where flow rates
are typically much lower. The surge of Scheelebreen

(Figure 2b) is somewhat of an anomaly in that it is
a small valley glacier but has accelerated from 0.5
m/d to ~9.5 m/d in a short time period.

Surges typically lead to pervasive surface crevassing
due to the high strain rates induced by the sudden
discharge of ice downglacier. This leads to a
change in surface texture which is visible between
satellite images taken before and during a surge
and is particularly pronounced in SAR imagery as
the heavy crevassing increases surface roughness
and consequently radar backscatter. Leclercq et
al. (2021) found that by differencing SAR imagery
between 2018 and 2019, locations of increases in
radar backscatter can be related to surge activity.
They identified 11 ongoing surges in Svalbard
using this approach. Kaab et al. (2023) used the
same methodology but applied it to a longer time
series (2017-2022) to detect additional surges in
Svalbard. Such analysis could be extended to other
satellite SAR time series (e.g., ERS-1/2, Sentinel-1,
ALOS) but this has not yet been attempted. Texture
changes in optical imagery has not been tried but
also has the potential to be used as a tool for
monitoring and detecting surges.
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Figure 2: Velocities from selected ongoing and
recent surges in Svalbard, data taken from the ITS_
LIVE velocity catalogue.

Differencing Digital Elevation Models (DEMs)
can be used to measure ice build-up before a
surge, surface lowering during a surge, then
the subsequent high elevation thinning and low
elevation thickening after a surge (Sund et al. 2009;
Sevestre et al. 2018). Long-term changes in ice
volume can be readily quantified by differencing
a modern-day DEM with a DEM generated from
historical aerial photographs, e.g., in the 1930s
(Geyman et al. 2022; Mannerfelt et al. 2024) and
1990s (Rolstad et al. 1997; King et al. 2016), but
is likely to miss surges with small ice fluxes. 3D
mapping of Svalbard surges increased significantly
after 2000 with the availability of repeat
stereoscopic satellite imagery such as ASTER and
has been used to analyse surge cycles at individual
catchments (Nuth et al. 2019) and over a larger
spatial region (Sund et al. 2009; Rolstad et al.
1997; Sund et al. 2014: Sevestre et al. 2018). More
recently, 2 m resolution ArcticDEM data has been
used to assess 3D changes alongside other DEMs
from ASTER and Tandem-X (Haga et al. 2020;
Kavan et al. 2022). Since 2003, regional surface
elevation maps have been available covering the

entire archipelago and derived from ICESat (Nuth
et al. 2010), CryoSat-2 (Jakob and Gourmelen
2023) and more recently ICESat-2 (Sochor et al.
2021). Although these do not specifically target
the detection of surges and are generally coarser
resolution compared to ASTER, aerial photos and
ArcticDEMs, the measurements have high temporal
resolution and enable detailed mapping of elevation
changes suitable for monitoring geometric changes
of glaciers during a surge. Combined with similar
repositories of terminus changes (Li et al. 2024),
mass balance can be quantified.

3.3. Close-Range Sensing

Close-range sensors operating near glaciers
provide high-resolution data and are able to
observe detailed surface processes associated with
a surge such as iceberg calving, surface melt, and
flow patterns. The use of Terrestrial Laser Scanners
(TLS) for monitoring surges is limited despite
showing significant potential for 3D monitoring
of tidewater calving fronts (Petlicki et al. 2015;
Kohler et al. 2019). In comparison, commercial
multirotor drones (UAVs) like DJI's Phantom and
Mavic series, combined with photogrammetric
technigues (Smith et al. 2016) to extract DEMs
and orthomosaics, makes UAVs ideal for remote
and harsh Arctic environments (Hann et al. 2023).
One example is the quantification of aerodynamic
roughness of calving margins of surge-type glaciers
(Dachauer et al. 2021). Time-lapse photography
is more commonly used for monitoring glacier
surges in Svalbard, particularly to generate dense
observations of terminus conditions during an
active surge (Sund and Eiken 2010), such as the
dynamics between adjacent flow-units during the
2005 surge of the Paulabreen system (Kristensen
and Benn 2012). For surging glaciers, time-lapse
photography is especially useful in capturing fast
and transient changes that are often missed by
other monitoring techniques, such as the transition
from quiescence to an active surge (Vallot et al.
2019). Our review reveals that close-rage sensors
are not widely used for monitoring the dynamics
of glacier surges. A significant reason for this is
the unpredictability of surges and an inability
to plan and fund the deployment of close-range
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sensors during the short time window of a surge.
Permanent installations at glacier systems that
repeatedly surge (e.g., Nathorstbreen, Paulabreen,
Tunabreen) or are predicted to surge soon (e.g.,
Kongsvegen, Sonklarbreen, Stonebreen) might
enhance monitoring efforts.

3.4. Geophysical Measurements:
Surface

Global Navigation Satellite System (GNSS)
measurements using GPS systems deployed on
a glacier surface have high temporal resolution
(seconds), hence they can be used to detect subtle
changes at the start of a surge when flow rates
are close to quiescent velocity values. This was
crucial in detecting the onset of surge activation
at Basin-3, Austfonna (Dunse et al. 2012, 2015)
and is now being used to analyse the initiation
of a surge at Kongsvegen. They may also detect
elevation variations associated with surge activity,
particularly the downglacier movement of a
surge bulge. For example, Hodgkins et al. (2007)
measured ice accumulation of Finsterwalderbreen
during quiescence and downwasting in the ablation
zone, highlighting the processes that generate a
mass gradient imbalance that ultimately leads to
a surge. Similar processes have been measured at
Kongsvegen (Eiken et al. 1997; Hagen et al. 2005),
hence GNSS measurements can fill the temporal
gap of satellite EO-based methods. However, the
installation and maintenance of GNSS instruments
is complicated by the highly deformable and
fractured surface of surging glaciers, meaning
suitable deployment areas are often inaccessible,
whilst the instruments themselves may be at risk
of loss and damage. Similar to the close-range
sensing methods, the installation of GNSS sensors
prior to surge initiation requires prediction of when
the surge might occur. This might be possible for
glaciers with several surge-type tributaries (e.g.,
Nathorstbreen, Paulabreen/Bakaninbreen), but a
suitable sampling strategy is required to ensure the
deployment of such instruments if scientifically and
cost effective. If this can be realised, the data may
be used to inform models of surging (e.g., Benn et
al. 2019a; Thagersen et al. 2021) to improve our
understanding of the underlying dynamics.

REVIEW

3.5. Geophysical Measurements:
Subsurface

3.5.1. Ground-Penetrating Radar (GPR)

Ground Penetrating Radar (GPR) is a non-invasive
method that uses high-frequency electromagnetic
waves to penetrate and image the subsurface.
Land-based GPR systems are manually dragged or
towed over a glacier surface, which is relatively slow
and challenging across heavily crevassed surfaces,
hence they are usually restricted to being used
on quiesecent surge-type glaciers. Airborne GPR
systems (e.g., Navarro et al. 2016; Sevestre et al.
2018; Ignatiuk et al. 2022) mounted on helicopters
or UAVs can map the subsurface rapidly and are
particularly useful for surveying inaccessible areas,
e.g., highly crevassed surfaces. Both land-based
and airborne GPR systems may reveal detailed
internal structures (Hodson et al. 1997; Woodward
et al. 2003b), internal stratigraphy (Dunse et al.
2009; Barzycka et al. 2019, 2020), thicknesses and
volumes of ice (Navarro et al. 2014; Karuss et al.
2022), water routing channels (Church et al. 2019),
and subglacial topography (Smith et al. 2002;
Saintenoy et al. 2013). Its sensitivity to water may
provide information about the thermal structure
of the ice (Murray et al. 2000; Beelum and Benn
2011) and water-filled areas (Barrett et al. 2008).
Repeat surveys can be used to track changes in the
internal structure, particularly the spatial locations
of meltwater which is crucial in surge processes.

Autonomous phase-sensitive Radio Echo Sounder
(ApRES) is a type of land-based GPR system that
provides phase-sensitive fixed-point measurements,
allowing it to detect small changes in the distance
between the radar and reflective targets (such
as ice layers, bedrock, or subglacial water). The
temporal resolution of these measurements can
be high (although this requires a suitable power
supply) and can be used to measure subtle changes
in deformation and strain rates (Gillet-Chaulet et
al. 2011), flow velocities (Kingslake et al. 2014), or
basal melting (Lok et al. 2014). ApRES has been
applied previously in the Antarctic (Kingslake et
al. 2014: Lok et al. 2014) and Greenland (Gillet-
Chaulet et al. 2011). In Svalbard, its first glaciological
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application took place in 2024 to study the surge
of Borebreen (Harcourt et al. 2024a).

Although glacier ice is a favourable medium for
electromagnetic wave propagation due to the
limited number of internal scatterers, there must be
a trade-off between vertical resolution and depth
penetration. Whilst GPR systems can image the first
tens of metres of the subsurface with centimetre
resolution, the signal wavelength of the GPR must
be increased to obtain information from the glacier
base, which decreases the vertical resolution to
metres. Within temperate ice there are a larger
number of internal scattering bodies; thus to
measure the glacier bed even longer wavelengths
are required which further degrades the vertical
resolution. Therefore, GPR surveys are often
limited to the spring months when the ice surface is
snow-covered, air temperatures are below freezing
and GPR systems can be towed behind motorised
vehicles. On the other hand, airborne GPR systems
may survey larger areas regardless of snow cover
presence but often at lower resolution. In both
cases, the presence of surface melt and heavily
crevassed surfaces can significantly attenuate
the GPR signal and reduce reflections from the
subglacial environment; hence further research
is required to understand the feasibility of GPR
surveys in such cases. Additionally, integrating
GPR data with other geophysical methods such as
seismic surveys, GPS measurements, and satellite
EO techniques can provide a more comprehensive
understanding of glacier surges and their controlling
factors.

3.5.2. Seismology

Seismology measures ground shaking activity below
ground and can be used to infer the mechanical
properties of ice and subglacial activity such as
from basal meltwater which is critical to the study
of sliding during a surge. It has been used to study
glaciers in Svalbard for decades (Rothlisberg 1955;
Lewandowska and Teisseyre 1964) and is now a
well-developed branch of applied seismology called
cryosseismology. Several reviews are available
(Podolskiy and Walter 2016; Aster and Winberry
2017) including one focusing on the state of

cryoseismology in Svalbard (Kohler et al. 2020).
Kohler et al. (2020) found that cryoseismology is a
powerful method for improving our understanding
of glacier dynamic processes and inferring
englacial and subglacial conditions in previously
inaccessible areas, complementing traditional
glaciological observations from field or satellite
EQ. Cryoseismology is independent from visibility
conditions (e.g., the polar night), can achieve
wide spatial imaging beyond single observation
points, and has a high temporal resolution (sub-
second scale). Moreover, systematic analysis of
long and continuous seismic records enables the
identification of long-term trends and changes in
seasonal patterns of glacier dynamics over years or
even decades (e.g., Kbhler et al. 2016; Gajek et al.
2017).

Glacier surges have been investigated using
cryoseismological methods in several case-studies
from Svalbard: on Bakaninbreen (Stuart et al.
2005), Tunabeen and Nathorstbreen (Kéhler et
al. 2015), Kongsvegen (Bouchayer et al. 2024),
and Borebreen (ongoing; Harcourt et al. 2024a).
Local short-term and multi-season deployments
of seismic instruments provide precise data since
they can be installed in close proximity of, or
directly on, glaciers. Such setups are capable of
providing information on englacial phenomena,
e.g., ongoing crevassing by detecting thousands
of surface icequakes per day (Mikesell et al. 2012;
Walter et al. 2015); sliding properties such as slip
dynamics (Graff and Walter 2021) or ice-meltwater
interactions (Gajek et al. 2021) from analysing basal
icequake signals; and the identification of meltwater
system geometries (Zhan 2019; Nanni et al. 2020)
or moulin activity (Walter et al. 2015) by utilising
information contained in low-frequency noise.
These applications demonstrate the usefulness of
seismology for monitoring surge-type glaciers.

New technologies, such as Distributed Acoustic
Sensing (DAS), which consist of kilometres-long
fibre-optic cables converted into seismic receivers,
offer great potential for surge monitoring. DAS
has already proven to be effective in studying
icequakes in alpine glaciers (Walter et al. 2020)
and Antarctic ice streams (Hudson et al. 2021),
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providing unprecedented insight into the details of
dynamic processes due to the sensor density and
spatial sampling down to the metre scale. The first
on-ice installation of DAS in Svalbard took place
in 2023 on Hansbreen (RIS ID! 12246), but the
full potential of DAS for surging glaciers has not
been explored yet. Another way to install seismic
stations is to use Ocean Bottom Seismometers
(OBS) which, after being dropped and sunk in
the glacial fjord, records seismic waves at a single
location at the seabed. Such stations installed close
to the terminus are less hazardous to maintain and
offer less noisy recordings. Podolskiy et al. (2021)
have demonstrated that OBS data may be used
to monitor calving rates and as a proxy for glacial
sliding velocity, even using a single station. The
ability of these new techniques to provide high-
resolution cryoseismological data, and the potential
to use pre-existing fibres (e.g., ocean bottom
telecom cables) suggests they should be seriously
considered for future monitoring of surges.

3.6. Alternative Observation
Methods

A significant observation gap for understanding
glacier surges is the submarine environment, where
subglacial outflow, iceberg calving processes, and
fjord circulation are key components impacting
surge activity. AUVs may be used to collect high-

REVIEW

resolution bathymetric data, map the submarine
portion of a calving front, and measure subglacial
meltwater plumes into the fiord (Howe et al. 2019).
Furthermore, passive underwater acoustics can
potentially be used to quantify the ice loss from
surging glaciers, provided the mooring system is
deployed at safe distance from the fast-moving
glacier terminus and the sound propagation
is modelled accurately (Glowacki et al. 2016;
Glowacki and Deane 2020). Moreover, autonomous
underwater recorders are cheap compared to other
specialised instruments and simultaneously collect
information of interest for other disciplines, e.g.,
the vocalisation of marine mammals, shipping noise
(e.g., Podolskiy and Sugiyama 2020). Finally, the
concept of leveraging citizen science to document
glacier surge dynamics has gained attention. For
example, tourists could assist in collecting drone
imagery for scientific purposes, such as tracking
glacier terminus locations, but tourism operators
in Svalbard are bound by strict guidelines (e.g.,
from the Association of Arctic Expedition Cruise
Operators (AECO) and do not permit guests
to operate drones, primarily due to safety and
wildlife protection concerns). This could be solved
by allowing researchers to join their trips, where
the researchers can operate drones themselves.
However, there is a risk of “‘greenwashing” the
tourism industry by framing such ventures as purely
scientific.

4. Palaeo-Glaciological Observations

4.1. The surging glacier landsystem

Sediment and landform assemblages associated
with surging have been documented in both
terrestrial and marine settings in Svalbard (Ottesen
and Dowdeswell 2006; Streuff et al. 2015;
Lovell et al. 2018a, b; McCerery et al. 2024).
To interpret such emerging glacial landscapes,
Svalbard scientists, as elsewhere, typically employ
a “landsystems” approach. This concept seeks
to identify, describe, and interpret the diverse
range of sediments and landforms to reconstruct

1 https:/researchinsvalbard.no/

processes and thus the dynamics of the ice
that previously covered the terrain (cf. Evans
2003; Evans and Rea 1999). Unlike other glacial
environments, where changes may occur gradually
over time, surging glaciers produce rapid, extensive
modifications to the landscape that leave behind
a specific suite of landforms known as a surging
landsystem. Surging glacier landsystems are most
accessible in terrestrial settings (Figure 3), which
can be investigated in the field and from remote
imagery, but preservation of features can be heavily
impacted by subaerial ice stagnation. In contrast,
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Figure 3: Land-terminating surging glacier landsystem (Lovell 2014).

landforms associated with tidewater glacier surges
are often excellently preserved in a submarine
setting (Figure 4), but analysis of these is reliant on
the availability of high-resolution bathymetry data
(Ottesen and Dowdeswell 2006). However, in most
cases, tidewater glacier surges also leave behind
landform evidence on the adjacent terrestrial fiord
margins (Bennett et al. 1996; Lovell et al. 2018b).

4.2. Key component of a surging
glacier landsystem

Glaciotectonic moraines: In Svalbard, the maximum
extent of a surge can be delineated by a large
moraine system (Evans et al. 2022; McCerery et al.
2024). These are most common in a marine setting,
where they typically have a low-gradient debris flow
lobe extending from the distal flank (e.g., Ottesen
and Dowdeswell 2006). In terrestrial settings, the
moraine systems often have multiple ridge crests,
forming complexes known as composite ridge
systems (Croot 1988; Lovell and Boston 2017).
These features have also been referred to as
“push moraines/complexes’, although these terms
can be problematic since they are employed for
a broad range of landforms at various scales. In
both terrestrial and marine settings, these moraine
systems are formed by glaciotectonic deformation

as the glacier advances rapidly into unconsolidated
sediment in the proglacial zone.

Crevasse-Squeeze Ridges (CSRs): CSRs form when
highly-saturated, deformable subglacial sediment
is squeezed into a highly fractured glacier base
(Evans and Rea 1999). During recession, CSRs
melt out to form a system of cross-cutting ridges
composed of diamicton that are aligned ice-flow
transverse to subparallel (i.e., 40-60°), mimicking
surface crevasse patterns. During the early
parts of the quiescent phase, CSRs can often be
observed emerging from crevasses. The required
conditions for their formation are (1) a saturated
subglacial environment, (2) a glacier base fractured
by extensive ice flow, and (3) ice mass stagnation
during quiescence to promote preservation, making
CSRs arguably the most diagnostic landform
evidence for surging (Farnsworth et al. 2016). CSRs
are found in both terrestrial and submarine settings
and have been studied extensively in Svalbard
(e.g., Bennett et al. 1996; Boulton et al. 1996;
Woodward et al. 2002; 2003; Rea and Evans 2011;
Flink et al. 2015; Lovell et al. 2015; Farnsworth
et al. 2016). They form a key line of evidence for
identifying past surges with no direct observational
data (e.g., Farnsworth et al. 2016; Ben-Yehoshua
et al. 2023). Because CSRs form beneath surging
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Figure 4: Marine-terminating glacier landsystem showing both submarine and terrestrial components (Lovell 2014).

glaciers, in-situ geotechnical measurements could
provide a valuable dataset on stresses and strains
in the subglacial environment during surges.

Flutes: Flutes are streamlined ridges of sediment
formed subglacially and are often found in front of
surging glaciers in Svalbard, both in terrestrial and
marine settings. Their formation during surges is
associated with rapid advance causing deformation
of the underlying basal sediments. In marine
settings they can be over 1 km in length (e.g.,
Borebukta, Ottesen and Dowdeswell 2006). Flutes
often form a close geomorphological association
with CSRs, with both forming in the subglacial
environment (e.g., Christoffersen et al. 2005).

Eskers: Eskers are sinuous ridges of sand and gravel
that form in channelised subglacial or englacial
meltwater systems, which can be preserved in the
foreland during glacier retreat. Their formation is
not uniquely linked to surging, but eskers are often
found as part of the Svalbard surging landsystem
(e.g., McCerery et al. 2024). In some cases,
geometrical ridge networks similar to CSRs but
composed of sand and gravels have been reported
(Evans et al. 2022). These likely reflect pressurised
meltwater exploiting the heavily fractured glacier
towards the end of a surge and are probably
similar to “concertina” eskers reported from some

surging glacier forelands in Iceland (Rea and Evans
1999). Morphologically, such eskers are hard to
distinguish from CSR networks without detailed
sedimentological investigations.

Quiescent phase stagnation and retreat: Most
surging landforms form during fast ice flow, frontal
advance and a highly saturated glacier bed. The
geomorphological signature of the quiescent
phase is less diagnostic of surging but can still
be identified. In terrestrial settings, the cessation
of surging leads to widespread stagnation and
subaerial downwasting of the over-extended
glacier front. Surging glaciers often transport large
volumes of debris, creating extensive areas of ice-
stagnation topography in the form of ice-cored
hummocky moraine (e.g., Schomacker and Kjaer
2008). Debris flows and kettle holes are common
as buried ice degrades over time, which can impact
the preservation of other landforms such as CSRs
and flutes. At tidewater surging glaciers, small
annual retreat moraines can form on the seafloor
during quiescent phase retreat (e.g., Ottesen
and Dowdeswell 2006; Flink et al. 2015), whilst
subaerial stagnation terrain will likely be common
along the terrestrial margins (e.g., Lovell et al.
2018b).

Historical observations and archival evidence:
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Nineteenth and early 20th century expeditions to
Svalbard produced a wealth of maps, photographs
and written observations (e.g., Hamberg 1894;
Conway 1897; Gregory et al. 1897; Garwood and
Gregory 1898; Hoel 1914; Gripp 1929), which both
directly and indirectly provide insight into the state
of glaciers at that time. Sometimes, the evidence
clearly demonstrates that glaciers were actively
surging. Combined with Norwegian Polar Institute
(NPI) aerial photography from the 1930s and
1960s, and geomorphological evidence as outlined
above, surge activity can be reconstructed prior
to the satellite era. Examples include the historical

5. New Glacier Surge Database

5.1. Directly Observed Surges (S
Direct

Direct observations of glacier surges have been
recorded in all of the compilations apart from
F2016, which only inferred surges from the
landform record. In addition, the project team are
currently studying ongoing surges not captured
in the literature, e.g., Borebreen (Harcourt et al.
2024a), hence these are manually included. A
total of 143 surges have been directly observed in
Svalbard (Lefauconnier and Hagen 1991; Hagen et
al. 1993; Kaib et al. 2021; Koch et al. 2023), which
accounts for 9% of all the glaciers in Svalbard. Figure
5 shows the distribution of the directly observed
surges. Many direct observations come from the
historical records (Lefauconnier and Hagen 1991;
Hagen et al. 1993) and were biased towards the
eastern margins of the archipelago due to interests
in calving glaciers and their impact on offshore
structures and shipping routes. Most of the direct
observations are of the largest glaciers, particularly
where they terminate into the ocean, where a surge
can be detected through an increase in icebergs.
Surges on smaller glaciers have generally not been
detected, especially across Andrée Land (Figure
5b) and Nordenskiold land (Figure 5c¢). This may be
due to the inability of a smaller glacier to discharge
large volumes of ice over a short period of time,
but could also be due to an inability of current

mapping of glacier frontal positions to identify
periods of rapid advance (e.g., Melvold and Hagen
1998; Ottesen et al. 2008; Lovell et al. 2018b;
Mannerfelt et al. 2024), correlating evidence for
surging in geomorphological record with evidence
in historical photographs, observations and maps
(e.g., Lovell et al. 2018b; Zagorski et al. 2023;
Mannerfelt et al. in 2024), and identifying surging
evidence, such as widespread crevassing and
the presence of looped moraines, in historical
observations and photographs (e.g., Glasser et al.
2004; Mannerfelt et al. 2024 ).

Figure 5: Directly observed surges in Svalbard.

sensing systems to detect lower magnitude ice flow
changes during a surge.

5.2. Indirectly Observed Surges (S

Palaeo)

The locations of glaciers where indirect evidence
of surges has been found through the presence of
CSRs (Farnsworth et al. 2016) reveals the potential
distribution of surge-type glaciers across the
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Figure 7: All surge-type glaciers in Svalbard.

archipelago as mapped in Figure 6. Strikingly, many
glaciers never previously considered to be surge-
type contain CSRs in their foreland, suggesting
these glaciers may have quiescent periods towards
the longer end of the scale for Svalbard (e.g., over
150 years). This includes glaciers with long-term
observational records (e.g., Hansbreen, Kronebreen,
Nordenskidldbreen) which have explicitly been

REVIEW

categorised as not surge-type (e.g., Btaszczyk et
al. 2021; Kavan et al. 2023). The compiled palaeo-
record has documented a total of 520 glaciers
with evidence of past surges, representing 32%
of all glaciers in Svalbard. This is undoubtedly an
underestimate, as Farnsworth et al. (2016) focused
on the terrestrial landform record and therefore did
not explore marine-terminating glacier forefields,
such as several of the outlets of Austfonna,
Vestfonna and Kvitgyjgkulen. Furthermore, 70%
of the glaciers directly observed to surge, 101 in
total, also contained CSRs in their forefield, leaving
42 glaciers with direct evidence for surging with no
past evidence for surging in the palaeo-landform
record.

5.3. All Observed / Inferred Surges
S All

Compiling both the contemporary and palaeo-
glaciological databases together, our new estimate
of the number of surge-type glaciers in Svalbard
is 562, accounting for 36% of the total number of
glaciers across the archipelago. If we remove all
glaciers with a surface area below 1 km?, which
might be considered a lower limit on an ability
for glaciers to surge, 508 glaciers remain in the
database which equates to 51%. Through this
calculation, approximately half of the glaciers in
Svalbard are surge-type. Furthermore, 54 glaciers
with a surface area smaller than 1 km? were found
to be surge-type in the original compilation,
suggesting that, despite our initial hypothesis that
such glaciers were unlikely to be able to surge,
very small glaciers can still surge in Svalbard. This
suggests that some of these glaciers, which equate
to 987 (62%) of all glaciers in Svalbard, may be
undergoing very long quiescence periods and their
active surge is yet to be observed, or they have
surged in the past but are now unable to because
of climate warming and excessive thinning.

Figure 7 shows the spatial distribution of surge-
type glaciers across Svalbard. The ice fields in
northwest, northeast and south Spitsbergen
contain several large catchment glaciers, many of
which have exhibited surge behaviour, with only a
collection of outlets showing no evidence of past
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surge behaviour. Regions with many small valley
glaciers (Figure 7b and 7c) generally have fewer
surge-type glaciers but this pattern may be due to
slower dynamics related to surge behaviour with
lower ice fluxes. Surge observations in Vestfonna
and Austfonna are limited, most likely due to
fewer in situ observations of palaeo-glaciological
landforms on the seafloor. We expect that several
of the outlets from both ice caps may surge in
the future given past surge history (Robinson and
Dowdeswell 2011).

5.4. Characteristics of Svalbard
Surges

From the directly observed surges in Svalbard
analysed in Figure 5, a general pattern emerges.
Surge activation is gradual with a slow rise in velocity
over a year or two, after which there is a peak, and
then a gradual decline back to quiescence. This
is further demonstrated in Figure 2, particularly
the surges of Negribreen and Wahlenbergbreen.
Although not all surges share this characteristic, this
general pattern has been observed previously (e.g.,
Jiskoot et al. 2000; Benn et al. 2022). The velocity
pattern of a surge may reveal the internal dynamics
that lead to a surge, but the documentation of this
is limited to a few well-studied glaciers with dense
satellite and in situ observations (e.g., Kongsvegen,
Nathorstbreen, Basin-3 in Austfonna). Furthermore,

the return period of a surge may range between
40 (e.g., Tunabreen) and 100 years, according to
the available literature, but this does not account
for slower moving glaciers with smaller ice fluxes.
Improved documentation of the start and end of a
surge through our new database will improve our
understanding of surge dynamics in Svalbard.

The impact of surges on glacier mass balance is
poorly documented. A surge of large basins can have
large impacts on regional mass balance (Schuler et
al. 2020a), such as Basin-3 on Austfonna which led
to sudden ice discharge at 7 Gt per year (McMillan
et al. 2014; Dunse et al. 2015; Morris et al. 2020).
Furthermore, where a surge advances and ice
surface elevation lowers due to the transfer of mass
from high to low elevation, a greater surface area of
the glacier lies below the Equilibrium Line Altitude
(ELA), predisposing it to future increased melt and
mass loss. Modelling of this process during the
Monacobreen surge (1991-1997) suggests mass
loss via this mechanism may be small (Oerlemans
2018). Long-term observations are needed to
understand the impact of glacier surges on mass
balance, but these are severely lacking. Flink et
al. (2015) found that the surges of Tunabreen
between 1870 and 2005 reached successively
less-extensive positions in the fjord, suggesting that
mass build-up was smaller during each intervening
quiescent period due to a negative mass balance.

6. Contributions to interdisciplinarity

Surges in Svalbard directly link to the wider Earth
System in and around Svalbard, particularly the
Arctic water cycle which Christiansen et al. (2024)
highlighted as a major knowledge gap in Svalbard.
However, as highlighted by Schuler et al. (20203, b),
the impact of surges in not well accounted for. For
example, the rapid discharge of ice during a surge
impacts mass balance (McMillan et al. 2014), can
lead to a greater production of icebergs, impacts the
amount of snow cover that melts each summer, can
also disrupt continuous permafrost, increasing the
release of trapped gases such as methane (Smith
et al. 2002), and potentially have downstream

impacts on marine mammals and seabirds
(Lydersen et al. 2014). Glacier surges are therefore
central to the cryosphere system that ultimately
impacts hydrology (Nowak et al. 2020) and has
cascading effects on ecosystems, oceanography,
geomorphology (e.g., landslides, delta development)
and more. Critically, surges are unpredictable and
their impact on the Svalbard environmental system
will be detached from the long-term climate signal.
Therefore, we require an holistic, interdisciplinary
approach to understand the wider importance of
surges in Svalbard which necessitates collaborative
research across disciplines.
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In this chapter, we have reviewed the methods
used to detect and monitor surges, highlighting
the need to bridge the temporal observational gap
between modern-day monitoring using satellite
data and geophysics with palaeo-glaciological
analysis. The benefit of combining these disciplines
has been well illustrated, e.g., understanding the
dynamics of multiple surges at Tunabreen (Flink
et al. 2015) and the long-term surge history of
glaciers in southwest Svalbard (Zagorski et al.
2023). We illustrate the complementary benefit of
each method to understand surge characteristics
(e.g., satellite EO, palaeo-glaciological analysis) and

7. Unanswered questions

What are the characteristics of Svalbard glacier
surges?

Documented evidence of surging glacier dynamics
remains scarce. Therefore, we need to extend our
observational record of physical changes during
surges (e.g. velocity, terminus position, surface
elevation) in order to assess why glaciers in Svalbard
surge in the way they do.

How is climate change impacting surge behaviour?

The typically long return periods of surges in
Svalbard makes it difficult to assess the impact of
climate change on surge dynamics. Whilst there is
evidence that some glaciers that have surged in the
past are no longer able to surge, the influence of
long-term climate change requires further research.

How can we bridge the gap between modern-day
sensing and inferences from palaeo-observations?

To acquire a long-term time series of surges we need
to bridge the observation gap between palaeo-
glaciological inference and satellite-based surge
detection. This may be achieved using historical

REVIEW

drivers (e.g., geophysics). In doing so, we show
that a complete understanding of glacier surges
is only possibly by bringing together glaciologists,
geophysicists, satellite EO practitioners and
those developing new technology. Co-producing
fieldwork plans with those working with satellite
data and physical modelling initiatives is critical in
generating an holistic view of glacier surges and
their impacts on society. In this way, local people
can be fully involved in the production of new
knowledge which is lacking and requires robust
community engagement.

data sets, analysis of glacial geomorphological
evidence of surging and archival material from
expeditions.

What triggers surges in Svalbard?

Surges result from an interconnected set of
processes that occur before it becomes obvious
that a surge is underway. Documenting the
processes during surge build-up, peak and
subsequent decline now and in the past will enable
a better understanding of glacier instabilities and
the mechanisms leading to unstable ice flow.

What are the long-term impacts of glacier surges
on Svalbard mass balance?

We know that surges from large glacier catchments
lead to large mass loss over a short period of time,
but the long-term impacts are not known given the
short time period of detailed observations. Future
work should consider how to generate long-term
observations to better understand the impacts
surges have on glacier mass balance, particularly as
climate continues to warm.
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e We recommend developing a portable “glacier

observing system” consisting of geophysical
instruments (e.g., seismometers, GPR, ApRES)
and GPS sensors that can be rapidly deployed
on an active surging glacier to study subglacial
conditions and ice dynamics. This new Research
Infrastructure (RI), which may be administered
by SIOS, should be based in a central location
in Svalbard (e.g., Longyearbyen) for rapid
accessibility and deployment.

Initiate systematic cataloguing of fundamental
surge behaviour (e.g., surge onset year, surge
termination year, terminus change, maximum
velocity, mean velocity in quiescence) to better
understand surge drivers. This should combine
existing monitoring from different research
groups and include analysis of satellite imagery,
modelling studies, and artificial intelligence
methods.

Generate long-term data sets of Svalbard glacier
surges by bridging the gap between palaeo-
observations and the contemporary satellite

8. Recommendations for the future

record by developing methods to detect surges
in the historical record (e.g., developing a new
1960/61 DEM from available aerial imagery)
as well through new satellite observations now
and in the future. This will require collaboration
across the SIOS consortium and beyond to
ensure all necessary expertise is utilised.
Improve quantification of the impact of surges
on mass balance, e.g., combining close-range
sensors with satellite observations of surface
elevation change. This should also include
studying the evolution of a glacier before and
after a surge. Integrated field campaigns and
combining simultaneous monitoring efforts will
be critical in achieving this.

Improved analysis of the processes that lead
to a surge is recommended. In particular, the
distinction between events happening after
a long succession of internal changes and
events happening as the result of some distinct
environmental “push’”.

9. Data availability

Dataset Parameter Period Location Metadata access (URL) Dataset provider
ITS_LIVE - Glacier 2014-2023 | Svalbard https:/n5eil01u.ecs. NSIDC
Velocity Archipelago nsidc.org/MEASURES/
NSIDC-0776.001/
GLIMS / RGI | - Glacier Extent | 1936-2010 | Svalbard https:/data.npolar. Norwegian Polar Institute
- Glacier Archipelago | no/dataset/89f430f8- (NPI'/ Global Land and Ice
Characteristics 862f-11e2-8036- Measurements from Space
005056ad0004 (GLIMS) / Randolph Glacier
Inventory (RGI)
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Our database is based upon the Global Land and
lce Measurements from Space (GLIMS) database
(Konig et al. 2014), which is now incorporated into
RGI 7.0 (RGI 7.0 Consortium 2023) and consists
of 1,583 glaciers in Svalbard. Contemporary and
palaeo-glaciological evidence of surges is generally
limited to the period ~1850-present, which
broadly corresponds to the end of the LIA through
to the modern-day. Where multiple surges have
been recorded, we separate these using ;" in the
database, and use “NaN” where the details of the
surge have not been recorded.

Our compilation of existing Svalbard-wide glacier
surge databases is sourced from several studies:
Lefauconnier and Hagen (1991) [LH1991]; Hagen
et al. (1993) [H1993]; Sevestre and Benn (2015)
[SB2015]; Farnsworth et al. (2016) [F2016]; Kaib
et al. (2023) [KA2023]; and Koch et al. (2023)
[KO2023]. The compilation of LH1991 only
covers eastern Svalbard and is focused on marine-
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1. Introduction

1.1. Background

Understanding Arctic methane dynamics is critically
important for climate science and will remain so over
the next decades on account of its great relevance to
greenhouse gas management. Significant progress
has been made with respect to methane dynamics
at continental shelf margins and in the wetlands,
lakes and permafrost of Siberia, North America
and Scandinavia (e.g., Schuur et al. 2022; Miner
et al. 2022; Walter Anthony et al. 2016, 2024).
However, Svalbard’s contribution to this knowledge
base has been patchy and there exists a significant
bias towards just a few key terrestrial sites, such as
Toolik Lake (Alaska) and Abisko (Sweden) (Metcalfe
et al. 2018). There are good reasons to question
how well this important knowledge resource can be
applied to the Svalbard archipelago (Hodson et al.
2020). In fact, it is becoming increasingly clear that
Svalbard’s landscape and methane dynamics are
markedly different to these locations because its
high-relief, glacierised landscape is clearly different
and underlain by an active hydrocarbon system
that includes coal bed methane and extensive shale
sequences hosting geogenic methane (Birchall et
al. 2023; Ohm et al. 2019), and potentially gas
hydrates (Betlem et al. 2019, 2021). The geologic
record of Svalbard includes geogenic gas generation
throughout deep-time, including catastrophic
atmospheric degassing related to contact
metamorphism during the Early Cretaceous, burial-
related gas generation throughout the Cenozoic,
and more recently, in response to the retreat of
continental ice sheets. Consequently, shallow
marine and terrestrial environments in Svalbard
require appraisal as likely hotspots where both
ancient geogenic methane and young microbial
methane may be released into the atmosphere.
A better understanding of methane dynamics in
Svalbard will also provide much-needed insights
into other high-relief, glaciated parts of the Arctic
with similar shale-prone geologies. Such regions
include the circum-Baffin Bay region of Canada
and Greenland (e.g., Bylot Island, Ellesmere Island,
Disko Island and the Nares Straight region), Eastern
Greenland (Jamieson Land) and most of the
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Russian Arctic islands (Novaya Zemlya, Severnaya
Zemlya and Frans Joseph Land). Collectively, these
represent some of the least studied parts of the
Arctic region.

Major advances in our understanding of geogenic
methane release from source rocks exposed on
land and in Svalbard’s fjords and shelf environments
have been achieved in recent years (e.g., Sahling
et al. 2014; Kleber et al. 2023: Rodes et al. 2023).
Insights into methane migration within source rocks
(e.g., Birchall et al. 2023; Huqg et al. 2017; Roy et
al. 2019), near-surface hydrological networks (e.g.,
Kleber et al. 2024; Hodson et al. 2023; Kleber
et al. In Press) and aquatic environments (Damm
et al. 2005, 2021) have also been published, but
have yet to be integrated into a holistic overview
of the relevant processes operating across the
archipelago. Since these processes are highly
sensitive to climate change, we need to consider
with some urgency how they will regulate methane
emission in the near future. We should also be
considering how they have done so in the past,
because recent work in Svalbard has established
that extensive out-gassing events occurred as
recently as ca. 15 000 years ago, after the transition
from the Last Glacial Maximum began (Cremiére et
al. 2016; Montelli et al. 2024; Portnov et al. 2016;
Serov et al. 2017).

Research in Svalbard is also notable for revealing
hotspots with appreciable rates of microbial
methane release from the active layer (e.g.,
Pirk et al. 2015, 2017). These emissions are
the consequence of active microbial methane
production during the summer thaw season, and
so the methanogenic archaea responsible have
been examined in detail (Section 2.1). However,
up-scaled, regional flux estimates from Svalbard’s
tundra are conspicuous for their absence due to
a scarcity of measurements, which also prevents
comparison of geogenic versus microbial methane
emissions across the archipelago. A further
area of uncertainty with respect to the role of
microorganisms in Svalbard’s methane budget is
the consumption of both geogenic and microbial
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methane by methanotrophs (Section 2.7). These
removal processes are certainly effective in places,
such as the water column around Svalbard (Mau et
al. 2017), or within slow-moving active layer pore
waters in the tundra (Graef et al. 2011), but early
evidence suggests that this is not the case near
terrestrial seeps of geogenic gas, where turbulent,
methane-saturated springs allow rapid evasion of
gas into the atmospheric boundary layer (Hodson
et al. 2020; Kleber et al. In Press).

The above emphasis upon the likely importance
of geogenic and microbial methane emission
from Svalbard’s terrestrial and shallow marine
environments suggests that systematic
measurements from the atmospheric boundary
layer above them hold great potential. Long-term
measurements of atmospheric methane do exist,
and have been undertaken since 1989 at the
Zeppelin Observatory, Ny-Alesund (Platt et al.
2022). These important time series have been
linked to the long-range atmospheric transport
of well-known methane sources in the wetlands
of Siberia and elsewhere, and document a clear
increase in Svalbard that is similar to that observed
elsewhere in the Arctic (Morimoto et al. 2006; Platt
etal. 2022; Wittig et al. 2023). The influence of local
sources upon these high elevation observations is
presently thought to be small (Section 2.8), but its
assessment is hampered by the lack of observations
that has so far prevented any form of regional
up-scaling to account for all the various emission
sources in Svalbard.

Despite the challenges described above, the easily
accessible and international research environment
of Svalbard clearly has great potential for fostering

knowledge transfer about methane dynamics in
other parts of the Arctic where glacial and periglacial
processes are active in landscapes with shale-prone
lithologies, fjords subject to seasonal ice cover,
and geomorphological processes conducive to the
formation of wetlands. This potential, however,
remains largely unfulfilled on account of there being
some obvious measurement gaps and a knowledge
base that remains fragmented by disciplinary
boundaries. Identifying both the nature of these
shortcomings and their potential solutions were
major motivations behind this report.

1.2. Structure of this report

In order to better define the development needs
of methane science in Svalbard, the following
review places emphasis upon the dynamics of
its local methane sources, rather than the fate of
methane advected to the archipelago from distant
sources by atmospheric transport. Since we wish
to emphasise the role of changing cryospheric
processes associated with sea ice, active glaciers
and permafrost, we largely exclude the well-known
continental shelf environment in West Spitsbergen.
This includes Vestnesa, one of the best-known,
methane hydrate-associated seep systems in the
world (see Panieri et al. 2017, and references
therein). We therefore begin this review with a
description of geogenic and microbial methane
sources in Svalbard, before discussing methane
migration through terrestrial and shallow marine
(principally fjord) environments. We then describe
atmospheric methane observations from Svalbard
before identifying critical development needs for
future research on methane in the archipelago.

2. Overview of existing knowledge

2.1. Methane sources in Svalbard

Svalbard is very likely to be a net source of methane
to the atmosphere on account of geogenic and
microbial methane production within rocks,
sediments (including soils and peat) and (to some

extent) water bodies. A very significant partitioning
between deeper sources of ancient geogenic
methane (shale gas and coal bed methane) and
shallower sources of younger microbial methane
most likely exists across the archipelago due to the
presence of continuous permafrost. This greatly
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Figure 1: Conceptual illustration of the methane system in Svalbard, depicting the principal environments, migration
pathways and emission sites near land- and marine-terminating glaciers.

suppresses the mixing of fluids (including free and
dissolved methane) between the summer thaw
layer (the supra-permafrost environment) and the
sub-permafrost environment, especially when the
intervening permafrost is hydraulically “tight” on
account of its fine particle size or high ice content
(Birchall et al. 2023). Therefore, sub-permafrost
gas that is often (but not exclusively) dominated by
geogenic sources beneath the permafrost (Birchall
et al. 2023) can be advected directly into fiords by
deeper groundwaters with minimal opportunities
for discharge onto the land surface (Figure 1).
Furthermore, free gas from deep geogenic sources
is also more likely to be released directly into the
flord without the need for groundwater advection,
because permafrost is largely absent here (Betlem
et al. 2021). Collectively, these mechanisms might
explain the dominance of geogenic methane within
Svalbard’s fjords (see Section 2.6) and groundwater
springs (Kleber et al. 2023).

Geogenic methane in Svalbard is strongly
associated with thick and organic-rich, shale-
dominated successions (Ohm et al. 2019; Olaussen
et al. 2024; Senger et al. 2025). Source rocks
potentially hosting shale gas and coal bed methane
occupy much of central, eastern and southern
Spitsbergen in a total area of ca. 22 000 km?,
and the entirety of Barentsgya and Edgeaya (ca.
6 000 km?), collectively representing almost half of

the entire land surface area (Senger et al. 2025).
Eighteen boreholes were previously drilled onshore
Svalbard from 1961-1994, specifically to explore
for hydrocarbons - and whilst none encountered
commercial quantities, ten encountered gas shows
(Senger et al. 2019; Olaussen et al. 2024). Studies
from the exploration geologists working on coal,
oil and gas across the archipelago have been
synthesised by Birchall et al. (2023) and Demidov
et al. (2020). The Longyearbyen and Barentsburg
areas have received particular attention in this
context, although all settlements in Svalbard except
Hornsund have a mining heritage and thus offer lots
of geological data resources for characterising the
gas accumulations in the rocks and sub-permafrost
sediments. Furthermore, the Longyearbyen CO,
Project provided borehole data from Adventdalen
allowing characterisation of shallow and deep gas
accumulations (Braathen et al. 2012; Olaussen
et al. 2019; Senger et al. In Press). Ohm et al.
(2019) show how shale gas from the organic-rich,
mudstone-dominated Middle Jurassic to Lower
Cretaceous Agardhfijellet Formation is particularly
significant. Hug et al. (2017) demonstrate that
in Adventdalen this gas is capped by a layer of
microbial methane in a groundwater aquifer that
exploits highly fractured sandstone immediately
above the shale sequences and beneath the 120
m thick permafrost layer (see also Birchall et al.
2023). These studies used hydrocarbons other than
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methane (e.g., ethane and propane) in conjunction
with stable isotopes of carbon to discriminate
the two sources, producing valuable insights into
the vertical distribution of methane to depths
approaching 1 km. However, whilst shale gas is
more easily discriminated by this process, coal bed
methane is not, and so further studies are required
to reveal its importance. Further insights into the
geology of Svalbard and its relevance to methane
are provided by the SESS chapter on the geosphere
(Senger et al. 2025), where it is made clear that
studies of methane migration along faults, fractures
and permeable rocks have received significant
attention in places.

Microbial methane production in Svalbard has
been described both above the permafrost table
(i.e., in the so-called active layer: Section 2.2), and
also beneath it, in association with sub-permafrost
groundwaters (Section 2.5). Microbial methane
is also known to be present within permafrost,
including both sediments (Jones 2019) and
bedrock (Huqg et al. 2017). However, it is not
known whether this intra-permafrost microbial
methane is present as a consequence of long-
term storage following burial, migration or in-situ
production. As is the case elsewhere, microbial
methane in Svalbard is produced by archaea
exploiting one of two well-known pathways: the
hydrogenotrophic pathway and the acetotrophic
pathway. Hydrogenotrophic methanogens reduce
carbon dioxide using hydrogen to produce methane
via a process also known as “carbonate reduction”,
whilst acetotrophic methanogens form methane
via acetate fermentation (Whiticar 1999). Research
from elsewhere in the Arctic has shown that the two
pathways most likely respond differently to warming
and disturbance associated with permafrost thaw
and ice melt due to differences in their temperature
optima and energy vield (e.g., Ernakovich et
al. 2022). Understanding the distribution,
activity and role of both hydrogenotrophic and
acetotrophic methanogens within Svalbard’s
microbial communities are therefore important
research priorities. Several works point towards
hydrogenotrophic methanogenesis as the
predominant pathway: for example, in saturated
active layer sediments in Adventdalen (Jones

2018). The same has been inferred indirectly from
ground water samples beneath the permafrost
in Adventdalen (Huq et al. 2017; Hodson et al.
2020). Trubitsyn et al. (2023) characterised a novel
hydrogenotrophic methanogen and proposed
the name Methanobacterium spitsbergense sp.
nov. after its isolation from permafrost sediments
from Barentsburg. However, Blake et al. (2015)
showed that a microbial community dominated
by hydrogenotrophic methanogens (members
of the Methanoregulaceae/WCHA2-08 family)
could evolve to be dominated by acetotrophic
methanogens following an increase in acetate
concentrations, but only if incubated at higher
temperatures (30°C). Tveit et al. (2015) also
found acetotrophic methanogens to benefit
from increasing temperatures, relative to
hydrogenotrophs in peat soils from Knudsenheia,
Ny-Alesund. More work is required to better
understand the effect of such temperature shifts on
methane emissions, and better map the distribution,
activity and abundance of different methanogens
across Svalbard. This includes an understanding
of locations where methanogenic archaea are
conspicuous by their absence, especially where
absence might be linked to ecological drivers (e.g.,
competition for substrate or available terminal
electron acceptors) rather than being simply due
to unfavourable soil moisture conditions (e.g.,
Muller et al. 2018). Community-scale molecular
data analysis of methanogens should also be
supplemented by the analysis of pure cultures to
better understand the microorganisms themselves
(Trubitsyn et al. 2023).

2.2. Methane in the active layer

The active layer is fundamental in regulating
contemporary methane production and oxidation
(methanotrophy) in Arctic soils, giving both a strong
seasonality. However, multi-year measurements
capturing the complete annual cycle and with an
emphasis upon in-situ processes (rather than net
emissions) have not yet been published in Svalbard
and are generally rare in the Arctic region (N.B.
Donateo et al. 2024). Active layer development
typically starts following snowmelt in late May, and
is followed by a rapid increase in depth, to reach
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seasonal maximum values of one metre or more
by September (Strand et al. 2021). Net methane
emission to the atmosphere from the active layer
was demonstrated from saturated, low centred
polygons in the Adventdalen region (Pirk et al.
2017: Figure 2), wet moss tundra near Kapp Linne
(Lindroth et al. 2022) and waterlogged soils near
Ny-Alesund (Chen et al. 2014) during summer.
The three consecutive summers of observations
presented by Pirk (2017) gave median values in
the range 1-2 g m> for the interval 1 June until
30 September. These chamber studies, and others
(e.g., Adachi et al. 2006), along with the only
deployment of eddy covariance measurements
in Svalbard (Donateo et al. 2024) have also
established net methanotrophy in drier soils (see
Section 2.7). Figure 2 uses the results from Pirk
et al. (2017) to clearly demonstrate the variability
encountered in emissions across even small
landforms (in this case ice wedge polygons). As
a consequence of this variability, we are far from
understanding the net impact balance of emission
versus uptake across the landscape throughout
summer. During late winter, low methane emissions
with depleted 3C signatures attributed to storage
and methanotrophy have been observed in
Adventalen (Pirk et al. 2016). The formation of
ice layers within the snowpack seems to enhance
storage by greatly reducing the diffusion rate.
However, the importance and dynamics of winter
processes in Svalbard are unclear. In Alaska, winter
emissions have been shown to contribute 50% of
the annual budget (Zona 2016). Autumn emissions
have also been highlighted (Bao 2021), because
the active layer refreezes quickly from the top and
more slowly from the bottom, thus severely limiting
methane oxidation in the top layer before slowing
down production in lower layers (Zona 2016,
Walter Anthony et al. 2024). Such processes are
likely to be influential in Svalbard as well.

Summer and winter methane fluxes from Arctic
landscapes are both known for showing large spatial
variability, even at small scales (Kutzbach 2004),
and the above studies undertaken in Svalbard
conform with this pattern. Work in the Adventdalen
area shows how some of this variability may be
accounted for by the different organic matter and
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Figure 2: The automatic chamber system deployed in
Adventdalen by Pirk et al. (2017). Panel a) shows the
ice-wedge polygons and instruments (arrows show the
chambers), b) the flux data from each chamber, colour-
coded to match the arrows in a), and with each dot
representing the daily median value. Panel ¢) shows the
seasonal soil temperature record at 10 cm depth.

soil moisture conditions, resulting in a wide range
of redox conditions across its tundra landscapes.
This area is particularly well known for its ice wedge
polygons (Christiansen 2005), which form in the
uplifted marine, deltaic and aeolian sediments lying
in the valley bottom (Cable et al. 2018; Gilbert et
al. 2018). Localised, organic-rich and saturated
active layer soils do exist in the polygons and other
water-logged soils (e.g., near bird-cliffs or in heavily-
grazed coastal lowlands), but it is important to note
that the landscape does not produce the expansive
yedoma-type sediments or thick peatlands found
elsewhere in the Arctic, because the primary
source of the soil-forming sediments is glacial
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erosion. Furthermore, the high concentrations of
sulphate and iron derived from the shale bedrock in
Adventdalen and many other areas across Central
and Eastern Svalbard can severely limit methane
production, as methanogens are out-competed by
microbes using these alternative electron acceptors
for the breakdown of organic matter in anoxic
conditions (Kolchev et al. 2020), and the presence
of these electron acceptors can increase the depth
for methane oxidation through anaerobic methane
oxidation processes (Dean 2018).

It should also be noted that there are also important
landscapes that are not readily accessible from key
research infrastructure in Adventdalen, Ny—Alesund,
Barentsberg or Hornsund, yet their methane
dynamics most likely warrant attention. For
example, Svalbard’s coastal strandflats accumulate
fine sediment and organic matter between raised
beach ridges (e.g., Jones et al. 2023) that can form
expansive wetlands in places, such as Bohemanflya
in Isflorden. It is also notable that since the methods
employed to directly measure fluxes across the
tundra—-atmosphere interface have been restricted
to relatively few small-scale chamber studies, other
techniques should be implemented that that help
address the spatial variability and patchiness of
methane-relevant processes in the active layer.

2.3. Transient storage of methane:
the case for gas hydrates

Natural gas hydrates constitute a potentially
important store of methane in Svalbard, enabling
long-term storage following its encapsulation
within an ice cage structure that prevents oxidation.
Hydrate formation and stability in Svalbard is
sensitive to pressure and temperature conditions, as
well as to the composition of the gas and the salinity
of the water forming the ice cage structure (Betlem
et al. 2018, 2021). Shifts in pressure conditions due
to ice sheet growth and decay have been shown
to greatly influence the depth, persistence and
timing of both methane hydrate formation and
destabilisation, as demonstrated by Portnov et al.
(2016). This sensitivity means gas hydrates require
treatment as sources / sinks of both geogenic and
microbial methane over timescales that could be

in excess of 10° years in Svalbard’s valley bottoms,
and perhaps 10° years in its high mountains. The
variation in history is unclear, but most likely results
from more dynamic changes in sea level and ice
sheet cover in the valley bottoms (for example, by
causing the thermal erosion of permafrost: Humlum
et al. 2003). Betlem et al. (2018) has shown that
presently, methane hydrates are most likely found
beneath the permafrost at depths exceeding 100
m in the eastern parts of the archipelago, whilst
subsequent work also established that deep fjord
basins also remain viable for methane hydrate
preservation close to the sea floor (Betlem et al.
2021). Therefore, the microbial methane produced
in the near-surface active layer on land seems
unlikely to be affected by storage as methane
hydrates. By contrast, the likelihood that hydrates
are a source or sink of the geogenic methane
in sub-permafrost groundwaters or deep fjord
sediment pore waters seems much more certain.
However, since reports of the recovery of hydrates
in core samples remain largely anecdotal, we only
really understand when their formation was likely
during certain “snapshots” of Svalbard’s landscape
history (e.g., Portnov et al. 2016; Betlem et al.
2018). Understanding the distribution of hydrates
through space and time across Svalbard therefore
represents a major research priority.

2.4. Methane and glaciers

When glaciers advance and over-ride vegetation in
their forefield, they can establish a subglacial
reservoir of organic carbon that can be converted
into methane through methanogenesis (Wadham et
al. 2008). The advance can also change the
methane hydrate stability field and induce hydrate
formation beneath the glacier bed (Portnov et al.
2016; Wadham et al. 2012) following subglacial
groundwater recharge (Kleber et al. 2023).
However, where no such recharge occurs, for
example due to low permeability beneath the
glaciers, glacial meltwaters can export any residual,
subglacially produced microbial methane that is not
consumed by subglacial methanotrophs (see Dieser
et al. 2014) to their glacier forefields or the sea,
potentially resulting in degassing to the atmosphere
(Figure 3). The mobilisation of subglacial microbial
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methane in this way has been examined at a
handful of sites, including Canada, Greenland,
Alaska and Iceland (e.g., Burns et al. 2018;
Christiansen et al. 2021; Konya et al. 2024;
Lamarche-Gagnon et al. 2019; Sapper et al. 2023).
In Svalbard, detailed studies of methane dynamics

a) Tidewater Glacier
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have only been conducted at the valley glacier
Valldkrabreen, which revealed no evidence for
microbial methane, yet high concentrations of
geogenic methane in summer runoff (up to 800
times the atmospheric equilibrium concentration:
Kleber et al. 2023, 2024).
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Figure 3: Methane migration routes and processes in marine-terminating and land-terminating glacier basins. The scenarios

are intended to depict the present day.
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Valldkrabreen is representative of many valley
glaciers in Svalbard and the rest of the Arctic
because it has a complex thermal structure wherein
only the thicker, upper region of the glacier lies at
the melting point all year (Figure 3). The thinner
margins are frozen to their bed and can remain so
until the glacier undergoes a dynamic advance,
or surge, resulting in significant heating of the ice
due to increased strain and friction (Sevestre et al.
2015). The presence of permafrost beneath the
frozen parts of these glaciers clearly complicates
methane flushing. At Valldkrabreen, only the lower
glacier (at the time of study) was cold-based and so
Kleber et al. (2024) demonstrated that the highest
concentrations of methane were encountered in
proglacial springs discharging ground waters that
had followed deeper flow paths. Hodson et al.
(2023) showed that such springs can persist even
when the entire glacier has frozen to its bed (in
response to the loss of its perennial snow cover),
allowing the forefields of smaller, cold-based valley
glaciers also to support springs that release methane
into the atmosphere. These and other groundwater
flowpaths are therefore given further attention in
Section 2.5. Collectively, they are thought to be
responsible for emissions of the order of 2.3 x 107
g CH, y* across the entire archipelago (Kleber et
al. 2023). Proglacial springs therefore represent the
largest single contributor to methane emission from
the archipelago yet reported.

The work undertaken on Svalbard glaciers clearly
shows that the glaciation of its gas-prone rocks
leads to the migration of methane into glacier
forefields, where they may degas. Glacial activity
causes erosion and the activation of geological
faults, both of which are likely to promote the
migration of geogenic methane from underlying
source rocks. The erosion also produces fine
sediments whose deposits may then produce
habitats conducive to either microbial methane
production or methanotrophy, especially if they
remain unfrozen (Figure 3). Longer-term dynamics
of methane migration through polythermal glaciers
such as those found on Svalbard therefore deserve
much more research attention and the relative
importance of subglacial microbial methane
production and methanotrophy should be explored.

The differences between land-based and marine-
terminating glaciers should also receive attention,
such that the implications of tidewater glacier
retreat onto land can be predicted (Kleber et al.
2023).

2.5. Methane in intra- and sub-
permafrost groundwater

Deeper groundwater flows are more likely to
interact with geogenic methane than shallow
groundwater flows confined to the active layer
during summer. These flowpaths also support
perennial springs whose discharge is often
supersaturated with methane after exploiting taliks
(unfrozen zones within the confining permafrost)
on their way to the surface (Figure 1). The precise
mechanisms which establish such flow and allow
it to persist are unclear. However, since the
movement of groundwater acts as an active heat
transport mechanism, it clearly has the capacity to
establish new intra-permafrost flowpaths, perhaps
even resulting in the localised destabilisation
of methane hydrates. The eventual surfacing of
these groundwaters leads to the release of its
methane to the atmosphere from springs, which
typically flow all year to form seeps that support
microbial communities capable of removing
significant quantities of methane (see Section 2.7).
Systematic mapping of all groundwater springs
across Nordenskiold Land clearly showed that
these springs mostly exploit taliks revealed by the
retreat of polythermal glaciers, rather than beneath
deeper lakes or periglacial springs (Figure 4).

Intra- and sub-permafrost groundwater seepage
from periglacial (i.e., non-glacial) sites in Svalbard
appear to be (or have been) dominated by open-
system pingos (Hodson et al. 2019, 2020: Figure
4). There are 136 pingos according to the most
recent, comprehensive survey, all of which appear
to be “Open System” type and thus hydraulically
connected to groundwater systems, at least
during their genesis (Demidov et al. 2023). The
methane discharging from such Svalbard pingos
includes both microbial and geogenic sources,
with the former being particularly important in
the Adventdalen area. Hodson et al. (2020) show
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Figure 4: Methane flares (grey or white circles) and terrestrial seeps (coloured circles) mapped after sampling lakes, pingos
and springs that form winter icings in the valleys of Central Svalbard, showing the underlying geology in areas without
permanent glacier cover (white zones). Data on flares are from Rodes et al. (2023); data on seeps from the CLIMAGAS

Project. (See Table 1)

that this gas discharges from at least three of four
active pingo springs in Adventdalen and that it is
the same gas as that described in a pressurised
aquifer hosted by fractured sandstones immediately
beneath the lower permafrost boundary (Hug et
al. 2017). Emissions are difficult to estimate due
to uncertainty in the groundwater outflows, but
Hodson et al. (2020) reveal that they carry some of
the highest levels of methane super-saturation in
central Spitsbergen. At the smallest pingo (Lagoon
Pingo), Hodson et al. (2019) show that emissions
in summer are sometimes greatly reduced by the
formation of a pond at the seep surface, which
promotes methanotrophy and limits the methane
emissions of a 0.36 L s! spring discharge to ca.
65 kg CH, y* (Hodson et al. 2019). Furthermore,
Figure 4 shows that perennial springs in glacier
forefields are by far the most abundant emission
sources (Kleber et al. 2023).

The recharge sources of deeper groundwater
aquifers by summer precipitation and the ablation
of snow, ground ice and glaciers are all likely to
change markedly due to warming temperatures
and the prolongation of the melt-season. The
subsequent impacts upon methane emissions from
groundwater springs in Svalbard are uncertain. On
the one hand increased water availability regionally
might lead to greater pressures in the aquifer
(enhancing gas migration and release), while on
the other hand, ongoing shrinkage of smaller
glaciers might reduce local aquifer recharge and
pressures (e.g., Nowak et al. 2021). In the latter
case, decreased sub-permafrost groundwater
pressures seem less likely, as seemed to be the case
in the glacier-groundwater system described by
Hodson et al. (2023). Both Kleber et al. (2023) and
Hodson et al. (2023) demonstrated that proglacial
methane-saturated springs contain mixtures of
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snowmelt and glacier melt, whilst Rotem et al.
(2024) demonstrated that pingo springs, which
might discharge some of the longest residence
time waters in the archipelago (Hornum et al. 2020;
Demidov et al. 2020), are also likely to contain
relatively young meteoric waters. Therefore, the
methane found in deeper groundwater aquifers
is certainly not immune from modern climate
change effects, at least in the case of those close
to the lower permafrost boundary (Haldorsen et al.
2010). Other processes that might also influence
groundwater pressure and thus methane fluxes
include hydrate destabilisation, ongoing uplift and
permafrost aggradation (Hornum et al. 2020). All of
these processes deserve greater attention in order
to assess whether perennial groundwater springs
will continue to serve as hotspots for methane
evasion.

2.6. Methane in the marine
environment

Methane super-saturation in Svalbard coastal
waters is very common and so we first describe
studies of methane migration into the sea from
land (laterally) or more directly via the sea floor
(vertically), before reviewing its fate in the water
column (Figure 1). The strong likelihood that
lateral transport of methane occurs from land into
Svalbard’s fiords has only recently become clear
following the study of sub-marine groundwater
discharge. However, our understanding of sub-
marine groundwater discharge requires much
more development (Diak et al. 2023), because it
is presently limited to one study of near-coastal
groundwater modelling in Adventdalen (Hornum
et al. 2020), and one inverse modelling study
of sediment pore water profiles from methane-
saturated fjords (e.g., Tempelfjorden: Kim et al.
2022). Far more achievements have instead been
associated with the study of methane gas bubble
releases directly from the sea floor, which have
been linked to outcropping source rocks on the sea
floor, rather than pathways for sub-marine ground
water discharge (e.g., Rodes et al. 2023). This work
has often exploited acoustic and marine geophysical
survey methods from research ships, enabling
thousands of active gas flares to be mapped in

Svalbard’s fjords, coastal and deeper shelf waters
(Mau et al. 2017; Rodes et al. 2023; Sahling et al.
2014; Romer et al. 2024). In the fijords, Rodes et
al. (2023) showed how identifying the geological
controls upon geogenic gas migration and release
are made easier in the absence of permafrost
and glacier cover on the sea floor (Figure 4). The
presence of pockmarks on the sea floor sediments
is also easily discernible, yet seldom associated with
active gas emission according to this work. This
was surprising, because pockmarks are important
fluid escape features in the Barents Sea (Serov et
al. 2017) and have been linked to rapid methane
escape following hydrate destabilisation after the
Last Glacial Maximum (e.g., Portnov et al. 2016).
Pockmark swarms are therefore an important part
of sea floor surveys in Svalbard (Roy et al. 2019;
Forwick et al. 2009). One reason they might no
longer be important in the fljords could be due to
the loss of hydrates here in contrast to the shelf
edge offshore western Svalbard, where sub-marine
gas hydrate formation and dissociation are thought
to be important drivers of sea floor gas emissions
(e.g., Berndt et al. 2014).

Methane bubbles released at the sea floor are
greatly attenuated during their ascent to the
water surface, because they dissolve and may
be subject to consumption by methanotrophs
(e.g., Mau et al. 2017: See Section 2.7). However,
the same may not be the case for very shallow
marine environments, or if the released bubbles
are protected by an oil or gas hydrate shell from
gas exchange processes. Ship-based observations
have therefore sought to detect enhanced methane
concentrations in the atmospheric boundary layer,
especially above the active seeps in deeper waters,
such as at the Vestnesa Ridge (Myhre et al. 2016).
A model-supported analysis of atmospheric CH,
measurements in the region during the summer
of 2014 reported negligible or very small impact
from these sources, with an upper limit of 3.5 ug
CH, m#2 d* (Pisso et al. 2016). In other studies,
average diffusive emission fluxes estimated using
sea surface concentrations along a ship’s track were
207 + 134 pg CH, m? d* in West Spitsbergen
coastal waters (Workman et al. 2024), whilst Mau
et al. (2017) reported median values of 29.0 ug CH,
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m2 d* from surface waters above the continental
margin. The variability between the different
techniques employed, their location and their
spatial or temporal scales also suggest that more
observations are required to gain a representative
estimate for sea surface emission fluxes.

Despite the apparently low efficacy of sea surface
emissions, at least further offshore, it is remarkable
how prevalent methane saturation is in the water
column of Svalbard coastal waters (Damm et
al. 2005, 2021). This means the diffusive flux of
methane to the atmosphere is likely to be significant
when these waters are brought to the sea surface.
Sea-air diffusive emissions are therefore enhanced
by vertical water column mixing (e.g., buoyancy
changes and convection), because it increases the
concentration of methane in surface waters at
certain times of the year. Damm et al. (2021) show
how this is most important at the fjord scale during
the winter months, for example, when convective
mixing in Adventfjorden and Tempelfjorden is
enhanced by surface water cooling. The same work
showed how stratification obstructs water column
ventilation, and so fresh water production during
the summer season is associated with reduced
sea—atmosphere methane fluxes in summer. Areas
where this stratification is disrupted, such as in the
vicinity of subglacial upwellings at tidewater glacier
margins, in association with localised winds or areas
where sea floor topography disrupts currents are
therefore likely to produce enhanced summer-
time emissions. The processes associated with
the diffusive emissions of methane from fjords are
therefore strongly seasonal and spatially variable
during summer. This seasonality is greatly enhanced
by meltwater in summer and sea ice in winter,
which can trap methane near the surface in the
vicinity of tidewater glaciers (Kleber et al. 2023).
Whilst some methane becomes incorporated into
the ice during its formation, other gas may become
concentrated within the residual brines that form
and/or be transformed by microbial activity (Damm
et al. 2015). Methane can therefore be released
to the water column during brine rejection and
to the atmosphere following sea ice break up.
However, freshening of the sea surface layer by
sea ice melting during summer can also induce
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stratification and thus reduce diffusive release
to the atmosphere in a similar way to freshwater
runoff (Damm et al. 2015).

2.7. Methanotrophy: mitigating
methane emissions

Microbial consumption of methane, or
methanotrophy, is an important regulator of
methane emissions from both marine and terrestrial
environments in Svalbard (Malard et al. 2019).
Furthermore, methane is an important carbon
source for chemoautotrophic microorganisms and
so methanotrophy enables highly specialised local
ecosystems to evolve near methane seeps with
“far-reaching” effects upon the carbon budget
of sea floor ecosystems (Astrom et al. 2020).
Aerobic methanotrophy has been documented
in oxygenated environments such as the water
column (Graves et al. 2015; Mau et al. 2017) or
soils in the upper active layer (e.g., Mdller et al.
2018) and is clearly an important sink for methane
in both terrestrial (e.g., Donateo et al. 2024) and
marine (Graves et al. 2015) ecosystems. Studies
from benthic marine sediments, pingos, and
deeper, anoxic active layer sediments show the
same is the case for anaerobic methane oxidation
in Svalbard (e.g., Delpech et al. In Press). Pertinent
case studies of active layer environments include
the weakly acidic peat soils near Ny-Alesund (e.g.,
Hgj et al. 2005; Tveit et al. 2023; Wartiainen et
al. 2003), which generally focus upon two genera
of aerobic methanotrophs Methylobacter and
Methylosinus. Significant attention has also been
given to methanotrophy in glacial forefield soils
of the same region (e.g., Yun et al. 2023). Nearer
Longyearbyen, easier access to permafrost
landforms that are conducive to the development
of anaerobic microbial habitats has led to increasing
recent research attention being given to its local
pingos and ice-wedge polygons. For example,
studies of the pingo seep at Lagoon Pingo (Hodson
et al. 2019) have most recently identified novel,
psychrotolerant (cold-loving) Methylobacter species
(Patil et al. 2024) and anaerobic methane oxidation
(Delpech et al. 2024). These environments suggest
that high sulphate concentrations enabled by pyrite
oxidation in shales are able to promote the coupling
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of methanotrophy to sulphate reduction in a manner
not unlike that seen in marine sediments (where the
sulphate is acquired from sea water) (e.g., Jones et
al. 2023). Svalbard’s sulphidic hot springs have also
been considered as hotspots for methanotrophs,
with Reigstad et al. (2011) showing 16S rRNA
sequences linked to both aerobic Methylobacter
and anaerobic (ANME-1) methanotrophs in two of
the southern springs (Trollosen and Fisosen), but
concluding that methane is not a major source of
energy in this saline, sulphidic system.

The impact of methanotrophy upon methane
emissions from Svalbard’s terrestrial and freshwater
habitats has not received much attention vet,
although a combination of mass balance and
stable isotope measurements was used to show
methanotrophy removes ~29% of the methane
discharging from proglacial groundwater springs at
Vallakrabreen throughout the runoff season (Kleber
et al. 2024). Greater efficacy of methane removal
has been reported in the marine environment,
especially to the west of Spitsbergen. For example,
methanotrophy accounts for ~60% of the methane
seeping from the landward limit of the gas hydrate
stability zone offshore western Svalbard (Graves
et al. 2015). However, more work is required to
understand if the same is the case in shallow marine
environments, especially at fjord headwaters.

Warmer temperatures in Svalbard are likely to cause
landscape changes that alter the residence time
of methane within habitats conducive to either
aerobic or anaerobic methanotrophy. A warmer
Svalbard also changes the production of oxygen-
rich near-surface melt waters and their mixing
with anoxic, deeper groundwaters (Hodson et al.
2023), thus allowing for more effective oxidation
of methane near retreating glaciers and permafrost
taliks. On the other hand, the decreasing solubility
of methane at higher temperature reduces the
methane oxidation efficiency, and warming
can in any case lead to greater mobilisation
of geogenic methane and increased microbial
methane production. These and other impacts
of climate change upon the overall efficacy of
methanotrophy remain largely unexplored. From
an organismal perspective, a further problem is

that very few genome sequences of psychrophilic
methane oxidisers have been reported (Patil et al.
2024) and we have only just started to understand
that key taxa in Svalbard may respond rapidly
to temperature changes, resulting in significant
changes in cell growth and methane consumption
kinetics (Tveit et al. 2023; Mateos-Rivera 2016).
Thus, we are at a stage where we merely know
which organisms contribute to methane cycling,
and what their basic physiological responses to
warming will be. However, the full impacts of
increasing temperatures on biological methane
cycling in Svalbard are complex and warrant further
research. This should include not only physiological
changes of key microbial taxa (affecting both
methanogenesis and methanotrophy), but also
changes at the community scale that are relevant
to establishing the chemical environment and its
control upon these processes.

2.8. Methane in the atmosphere: an
emissions perspective

A key driver of environmental methane research
on Svalbard is to understand and quantify the
contribution of local methane sources, as discussed
earlier, to the global atmospheric methane budget.
Atmospheric methane concentrations have been
measured at the Zeppelin Observatory since
2001, along with isotopic composition (6"°C-CH,)
in twice-weekly flask samples, making a crucial
contribution to the Norwegian national monitoring
programme and the Integrated Carbon Observation
System (ICOS), with a major achievement being
the quality control and archiving of these data on
publicly accessible platforms such as EBAS (ebas.
nilu.no) and the ICOS Carbon Portal (see Section 6).

Figure 5 shows the annual mean atmospheric
methane concentrations at Zeppelin, Birkenes
(southern Norway), and the global average.
Zeppelinfiellet's mean methane concentrations are
lower than Birkenes’ due to its greater distance
from mid-latitude emission sources (Platt et
al. 2022), but greater than the global average.
Observations at Zeppelin (and globally) also show a
decline in 6"°C-CH,, suggesting a relative increase
in microbial sources compared to fossil sources,
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Figure 5: Development of the annual mean CH, mixing ratio for the period 2010 to 2023 at the Zeppelin Observatory,
Svalbard (orange) and Birkenes, Norway (green), compared to global mean provided by WMO (black). Adapted from Platt

et al. (2023).

though a smaller concurrent increase in fossil
sources is not excluded (Nisbet et al. 2019). The
leading hypothesis for CH, growth is emissions
from microbial sources in wetland soils, coinciding
with changes in wetland hydrology due to shifting
rainfall patterns, and increased microbiological
activity from rising temperatures. Top-down
models also support this hypothesis (Thompson
et al. 2017). However, this does not exclude other
potential explanations, emphasising the need
for further research to understand unexpected
processes.

Global methane emissions are bloated by
anthropogenic activities that are easier to control
than natural emissions from the Arctic, and
currently estimated at 669 (uncertainty range: 512
to 849) Tg CH, year® using “bottom-up” methods
and 575 (553 to 586) Tg CH, year™ using “top-
down” models (Saunois et al. 2024). “Bottom-up”
methods estimate emissions using process models,
emission inventories, and extrapolation (upscaling),
while “top-down” models refine these estimates
using atmospheric methane concentrations.
Inversion modelling, the most widely used top-
down method, combines prior emission data with
atmospheric constraints to produce posterior
estimates via Bayesian statistical methods. Saunois
et al. (2024) also show how high-latitude, northern

(60°-90°N) emissions are between 4 and 6% of
the global total. Although the proportion seems
small, the corresponding flux is already one order
of magnitude greater than the annual growth rate
of the global atmospheric methane resource, and
much of it comes from natural emissions from the
Arctic that are almost impossible to control.

Although great progress has been made in
understanding methane in Svalbard, the state
of the science falls short of being able to scale
up local atmospheric emission measurements
to produce a bottom-up estimate for the entire
archipelago (see Appendix 1 Table Al). However,
a “top-down” atmospheric inversion modelling
study incorporating the 2014 Zeppelin data has
provided an upper limit of 0.2 Tg CH, year™ (Pisso
et al. 2016) for Svalbard’s combined landmass and
shallow marine waters (< 400 m). This may be
compared to the up-scaled (bottom-up) emission
estimate of 0.0023 Tg CH, y* for groundwater
springs in glacier forefields by Kleber et al. (2023).
Great uncertainty remains with the other emission
sources, but it might be possible to double this
flux with groundwater springs, lakes/ponds and
wetlands. For example, the 345 km? of vegetated
wetlands and wet moss tundra across Svalbard
(Johansen et al. 2012) would require average net
emissions of ca. 7 g CH, m? y' to achieve this.
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However, median seasonal rates were no greater
than ca. 2 g CH, m? y™ in wetlands or wet moss
soils (Pirk et al. 2017; Lindroth et al. 2022). Open
system pingos individually show potential for
emissions of 10% to 10¢ g y!, but there are only
136 of them, with only ca. 10% showing signs of
active methane release via groundwater springs
(total emission potential therefore likely to be <
107 g CH, y*). Other pathways for sub-permafrost
groundwater release, both terrestrial and sub-
marine, are therefore likely to be more important
from an emission perspective and deserve further

study. Finally, evidence for significant rates of
methane oxidation in dry tundra soils is emerging
at the time of writing (0.08-0.18 g CH, m~ y* for
full year budgets at Ny-Alesund: Donateo et al.
2024). These are far in excess of the oxidation rates
which may be inferred from short-term chamber
measurements in the same area (Chen et al. 2014:
Adachi et al. 2006), but collectively suggest that
regional up-scaling of methane sequestration
is important for offsetting emissions and thus
deserves greater attention.

3. Contributions to interdisciplinarity

This report has directly shown how chemical,
physical, geological and biological processes must
be addressed to understand methane dynamics in
Svalbard. This means the subject is, by necessity,
an interdisciplinary one - as is the case with all key
greenhouse gases. At present, good examples of
interdisciplinary research into the methane problem
in Svalbard do exist, but they have been mostly
employed by the oceanographic and atmospheric
groups working offshore on the continental margin
west of Svalbard (e.g., Pisso et al. 2016). Significant
challenges were identified above, whose solutions
therefore require more interdisciplinary research in
Svalbard. For example, moving beyond a predictive
understanding of organismal response to warming
in a laboratory microcosm, to a field-scale predictive
model that understands landscape change and
its impact upon the entire microbial community’s
interaction with methane. This challenge is not
dissimilar to that which led to the development of

the highly successful, interdisciplinary framework
for soil science that was the Critical Zone Network
(Brantley et al. 2017). Drawing inspiration from
developments like this and applying them to
Svalbard methane science deserve consideration
(and funding), as the benefits could be felt quickly
on account of Svalbard’s accessibility for many
international groups who want to work in the
Arctic. Other challenges linked to the lack of cross-
disciplinary interaction require interaction between
periglacial and glacial geosciences groups (glacier-
permafrost interaction), or between geoscience
and ocean science groups in the context of shallow
marine processes. Earth observation tools are also
virtually absent from terrestrial methane science in
Svalbard. Broader considerations include the need
to engage with electronic engineers capable of
developing much-needed improvements to sensor
technologies and (low cost) observation platforms
(such as drones).
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4. Unanswered questions

The following research priorities will greatly improve
the state of the science with respect to methane
in Svalbard, whilst also providing a solid basis for
Svalbard science to contribute to the forthcoming
International Polar Year, IPY, in 2032/33:

4.1) More measurements of atmospheric
methane and also methane fluxes across the
atmospheric boundary layer are needed from
different marine and terrestrial environments
in order to improve the representation of
Svalbard in the pan-Arctic context and to
provide the first, robust bottom-up estimates
for the entire archipelago.

4.2) We are preoccupied with the near-future,
albeit for good reasons, because methane is
going to be highly relevant to the magnitude
of planetary warming over the rest of the 21
Century. However, we should also use Svalbard
to understand the impact of large-scale
methane releases upon the Earth system both
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in the distant past (e.g., Early Cretaceous) and
more recently, following the onset of abrupt
changes after the Last Glacial Maximum.

4.3) The discovery of young, meteoric water within
the groundwaters that mobilise microbial and
geogenic methane from beneath permafrost
and glaciers means that it is time to establish
how a warmer, wetter Svalbard might
pressurise these environments and influence
methane migration towards the sea and the
atmosphere.

4.4) Microbial methane production and
methanotrophy, along with other climate-
sensitive biogeochemical processes in
the active layer, need incorporation
into predictive, numerical models after
quantitative insights into organismal and
community-scale responses to climate-driven
environmental change have been informed by
an understanding of landscape change.

5. Recommendations for the future

Important recommendations (R1 - R5) are identified
below. We assign highest priority (urgency) to
R1-R3. R4 is going to be difficult to implement or
control, as several of the platforms that require
development have global, multi-purpose utility.
In terms of cost, R1, 3 and 5 most likely require
larger-scale international collaboration, whilst R2 is
easy to implement incrementally through national
research councils.

e R1: Promote Svalbard as an accessible
node in pan-Arctic methane observation
networks through investment in observational
infrastructure (ground-based, sub-marine,
and atmospheric) at representative sites
near settlements or research stations that
will encourage also the use of Svalbard for
the ground-truthing of forthcoming satellite

products.

e R2: Establish observatories at key type sites
(especially proglacial, periglacial and sub-marine
groundwater seeps, ice wedge polygons) to
examine quantitative links between their
microbial ecology and the physical and chemical
conditions, and where climate-driven changes in
biogenic methane production and removal can
be established. Data from these observatories
need to be incorporated into key pan-Arctic
databases, such as BAWLD-CH4 (Kuhn et al.
2021) and MethDB (Stanley et al. 2016).

e R3: Coordinate work across the land-ocean
interface to better understand fluid migration
into the sea and the atmosphere in association
with changing submarine inputs (especially near
tidewater glaciers, but also via groundwater
discharge), changing circulation in fjords and
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changing sea ice.

R4: Promote the standardisation and
harmonisation of measurement techniques
from fixed and mobile platforms, especially
drones and low-cost sensor measurements,
whose widespread deployment should be
encouraged. Address technological challenges
that currently limit the adequacy of sampling
and/or monitoring (e.g., by increasing endurance
to enable year-round observation).
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e R5: Establish sub-surface monitoring to elucidate

fluid composition and migration processes in
representative landscapes, such as Adventdalen,
where a rich history of geological data collection
can help rapidly develop land system models of
geogenic methane migration in the past, present
and future.



6. Data availability
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Table 1: Key long-term or regional datasets describing methane in Svalbard. Additional datasets associated with individual
studies, along with sampling details, are documented in Appendix 1 Table A2.

Dataset Parameter Location Metadata access (URL) Dataset
provider
Atmospheric -Methane 2001-2024 Zeppelin https:/ebas.nilu.no/ NILU
Methane concentrations Observatory, Ny-
-Methane isotopes Alesund
Geogenic Methane | -Geochemistry, 2011-2013 Adventdalen https://doi.org/10.5281/ | (UNIS CO2
gas, and isotope zeno0do.10813248 Laboratory,
data from 8 2024)
boreholes
drilled around (Additional core
Longyearbyen metadata included in
Table 2 of Senger et al.
(In Press
)
Groundwater -Biogeochemical 2018-2023 Svalbard https:/doi.org/10.5281/ | CLIMAGAS
methane analyses from zenodo.13736679 Project
glacial and
periglacial
groundwater
springs
-Methane
concentration
-Methane isotopes
Gas hydrates -Modelled natural | 2000-2029 Svalbard fjords https:/zenodo.org/ (Betlem 2021)
gas hydrate records/5091765
stability zone
(GHSZ)
Sea-air fluxes -Eddy covariance 2019-2021 Offshore Svalbard | https:/doi.org/10.5285/ | (Workman et
methane fluxes (Arctic Ocean, c9ed4746-f104-4117- | al. 2024)
Greenland Sea, ba60-174c5275e2fe
Barents Sea)
Seafloor seeps -Hydroacoustic gas | 2015-2021 Western https:/doi.org/10.5281/ | (Rodes et al.
flare detection Spitsbergen flords | zenodo.7822180 2023)
Microbiology Data reporting Ongoing Active layer, See Appendix 1 Table A2 | Multiple
diversity, permafrost
abundance and sediments, benthic
activity from sediments,
community to methane seeps,
single cell genomic flord water

levels
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https://ebas.nilu.no/
https://doi.org/10.5281/zenodo.10813248
https://doi.org/10.5281/zenodo.10813248
https://doi.org/10.5281/zenodo.13736679
https://doi.org/10.5281/zenodo.13736679
https://zenodo.org/records/5091765
https://zenodo.org/records/5091765
https://doi.org/10.5285/c9ed4746-f104-4117-ba60-174c5275e2fe
https://doi.org/10.5285/c9ed4746-f104-4117-ba60-174c5275e2fe
https://doi.org/10.5285/c9ed4746-f104-4117-ba60-174c5275e2fe
https://doi.org/10.5281/zenodo.7822180
https://doi.org/10.5281/zenodo.7822180
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https://www-air.larc.nasa.gov/missions/ndacc/data.html
https://www-air.larc.nasa.gov/missions/ndacc/data.html
https://gml.noaa.gov/aftp/data/trace_gases/ch4/flask/surface/txt/ch4_zep_surface-flask_1_ccgg_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4/flask/surface/txt/ch4_zep_surface-flask_1_ccgg_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4/flask/surface/txt/ch4_zep_surface-flask_1_ccgg_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4/flask/surface/txt/ch4_zep_surface-flask_1_ccgg_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4c13/flask/surface/txt/ch4c13_zep_surface-flask_7_sil_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4c13/flask/surface/txt/ch4c13_zep_surface-flask_7_sil_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4c13/flask/surface/txt/ch4c13_zep_surface-flask_7_sil_event.txt
https://gml.noaa.gov/aftp/data/trace_gases/ch4c13/flask/surface/txt/ch4c13_zep_surface-flask_7_sil_event.txt
https://doi.org/10.5285/3D82FD3F-884B-47B6-B11C-6C96D66B950D
https://doi.org/10.5285/3D82FD3F-884B-47B6-B11C-6C96D66B950D
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https://www.ncbi.nlm.nih.gov/
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https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
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1. Introduction

The Arctic marine systems represent some of the
most unique and critical components of the Earth'’s
ecological and climatic framework. The Arctic
Ocean and adjacent seas are characterised by
extreme seasonal variability and have vast areas of
sea ice that significantly influence global weather
patterns and ocean currents. The biodiversity in
these marine environments is specially adapted to
freezing temperatures, limited sunlight in the winter
months, and high nutrient abundance during the
summer melting period (CAFF 2013). The Arctic
marine systems are threatened by climate change
to an unprecedented extent. The Arctic, and
particularly the Svalbard Archipelago, is affected
by the phenomenon known as “Atlantification”, a
process associated with the increasing influence
of Atlantic Water (AW) in the Arctic seas and
flords (Polyakov et al. 2017; Skogseth et al. 2020;
Arthun et al. 2021; De Rovere et al. 2022; Vivier
et al. 2023). The fjords are highly affected by
Atlantification, because of specific atmospheric-
oceanic-topographic interaction processes that
control the intrusion of AW into the fiords of West
Svalbard (Cottier et al. 2007: Nilsen et al. 2016).
Together with rising air temperatures, the inflow of
warm AW accelerates the loss of sea ice and glaciers
(Luckman et al. 2015; Muckenhuber et al. 2016;
Holmes et al. 2019). The inflow of AW and declining
ice cover not only affects local ecosystems (Payne
and Roesler 2019; Hopwood et al. 2020; Jones et
al. 2021; Weydmann-Zwolicka et al. 2021), but also
has far-reaching consequences for global sea levels
and climate (Ingvaldsen et al. 2021: Tsubouchi et
al. 2021; Polyakov et al. 2023). A highly valuable

2. Data analysis and overview

This SESS Report chapter focuses on time series
obtained from fixed observing systems anchored
in fjords, on the shelf and slopes around the
Svalbard archipelago. Here, we present a combined
spatial and temporal analysis of the long-term
oceanographic data series coming from the SIOS

ANALYSIS OF TRENDS AND PROCESSES

way to detect, observe and understand even small
changes in the ocean and regional seas is through
long-term observatories, i.e., marine infrastructures
that ensure the collection of sufficiently long
data series with adequate temporal resolution to
resolve ocean processes from daily to multi-year
scale. Svalbard'’s unique location, combined with its
relatively easily accessible infrastructure, makes it
an ideal location for studying the ongoing changes
and their impacts on the Arctic environment.
The Svalbard SIOS Marine infrastructure is of
central importance for monitoring short- and
long-term marine processes in the flords and in
the coastal areas around Svalbard. The marine
observatories in the Svalbard Archipelago are
strategically located (Figure 1) to obtain continuous
observations of sea temperature, salinity, current,
and biogeochemical properties to understand
the complex interactions between the ocean, ice,
and atmosphere in this rapidly changing region
on seasonal, interannual, and decadal time scales.
Research studies conducted through the Svalbard
Marine Observatories contribute to global climate
modelling, improve the prediction of sea level rise
and feedback caused by long-term climatic changes,
and provide information for conservation strategies
for endangered Arctic species. In addition, the
data collected will support international efforts to
mitigate the effects of climate change and ensure
sustainable management of Arctic resources by
providing scientific evidence of environmental
change and background information on the need
for action by policy makers.

Marine Infrastructure network including seasonal,
interannual, and decadal variations detected at
each observatory. The chapter emphasises signal
variability related to the intrusion and northward
propagation of AW. Data integration and time series
analysis is supported by and is relevant to several

5 ARiS

139



140

national and international projects/initiatives,
such as the Arctic PASSION and the A-DBO?,
NorEMSO?, RAW?, opKROP* and ATTRACTION.

2.1. Methods

Here we present the most comprehensive overview
of long-term mooring data from Svalbard waters to
date, with standardised analysis on both published
and unpublished data. Locations of the moorings
are marked as coloured dots in Figure 1 (see also
Table 1). We use conservative temperature (T, °C)
and absolute salinity (S,, g/kg). Daily and monthly
means were calculated from the original data (e.g.,
temporal resolution up to 1 h). Multi-year averages
(with linear trends) were calculated from monthly
mean data. The “climatological” monthly average
(for time series longer than 5 years) was also
calculated, considering all the data collected within
the same months for the entire time series. Note
that here we use the term “climatological” even
though it does not refer to a period of at least 30
years. For the available datasets, monthly means,
monthly “climatological” mean, long-term means,
and linear trends were calculated from the Tand S,.
The proportions of AW and Transformed Atlantic
Water (TAW) were determined in each time series
as the days of the year when these water masses
were present (reported in Figures 2b, 3b). AW is
defined as 5,>35.07 g/kg, T > 3°C for all time series
except those recorded in the northernmost part of
Svalbard (A-TWAIN and Rijpfijorden), where T > 2°C
and potential density (o) in the range 27.7-27.97
kg/m?® was used. TAW is defined as S, > 34.87 g/kg
and T > 1°C, according to Sundfjord et al. (2017),
Tverberg et al. (2019), Skogseth et al. (2020), De
Rovere et al. (2022), and Renner et al. (2023).
For time series at S1 (1000 m depth) we defined
AW with T > -0.5°C. To avoid seasonal effects of
surface warming and freshening in the A-TWAIN,
Rjipfjorden, Kongsfjorden Mouth and Mid, and
Isflorden time series, T and S, were interpolated to
discrete depths and then depth-averaged starting
from 50 m.

https://arcticpassion.eu/adbo/
https:/www.uib.no/en/noremso
https:/raw-grieg.igf.edu.pl/
https:/www.mare-incognitum.no/opkrop/

AON -

2.1.1. Hornsund fjord (HS)

Year-round T and S, data are available from shallow
(10-25 m) coastal waters in Hornsund fjord. The
instruments have been deployed 0.5 m above
bottom. T data starts from June 2014 and S, data
from June 2017 onward (excluding part of years
2021-2022). The deployment location has not
been fixed and varies somewhat from year to year
(approx. location of HS in Figure 1). Most of the
measurements are from the northern side of the
flord near the flord opening, but between January
2021 and July 2022, T is only available from the
southern side. For the periods when observations
from both sides are available Jun 2016-May 2017
for T, Jun 2018-Jan 2021 and Sep 2022-May
2023 for both T and S,), the data show practically
no variability between locations, and therefore it
was decided to combine all data available from
Hornsund into one timeseries.

2.1.2. NorEMSO (The Norwegian node
for the European Multidisciplinary
Seafloor and water column Observatory)
Observatory at South Cape (SC)

An observatory known as the K-Lander (Dglven et
al. 2022) has been deployed on the continental shelf
southeast Sgrkapp, the South Cape of Spitsbergen
(76.1070°N,15.9680°E, SC in Figure 1), at around
380 m water depth from 14 April 2022 to 20 April
2023 with the main aim to monitor the release of
a major submarine methane eruption (Serov et al.
2017). The K-Lander, a trawl-proof observatory
with a diameter of 3.6 m and a height of 1.6 m,
measured T, S,, pH and oxygen at about 1 m above
the seafloor. Conductivity-temperature-depth
(CTD) casts were conducted immediately before
deployment and recovery to ensure quality control.

2.1.3. Deep observatory offshore
southwest Svalbard (S1)

The oceanographic mooring S1, located at 76°
N and 14° E (S1 in Figure 1), at 1040 m depth
on the continental slope west of Svalbard, has
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been operating since mid-June 2014. Yearly time
series data of T and S, are obtained after annual
maintenance. Data are processed and quality
checked by comparing them to calibrated CTD
profiles collected before and after each yearly
mooring deployment and uploaded to the Italian
Arctic Data Centre. The time resolution of the time
series is 60 minutes. The data presented here covers
the period from 9 June 2014 to 22 June 2023.

2.1.4. Isflorden moorings

Three different oceanographic moorings were
positioned in the mouth and entrance area of
Isflorden over the years to make robust analyses
of variability and trends in the AW circulating in
the trough and fjord system (Skogseth et al. 2020).
The first was placed on the southern slope of the
Isflorden Trough outside the fjord mouth (Isfiorden
Mouth in Figure 1). The second was placed inside
of the entrance of the flord also on the southern
side (Isfjorden in Figure 1). The third was positioned
on the northern slope (Isforden North in Figure 1),
opposite to the Isfjorden Mouth mooring. Yearly T
and S, from evenly distributed depths have been
recorded since September 2005 until present and
are still being recorded at the Isfjorden Mouth
and Isfjorden moorings, with the Isflorden Mouth
mooring being the longest in operation. The
resolution of the time series is 20-60 minutes. Data
are published following FAIR principles (Wilkison
et al. 2016) at the Norwegian Polar Institute Data
Centre (NPDC), available from the SIOS Data
Management System.

2.1.5. Prins Karls Forland observatory
(PKF)

The K-Lander was deployed around 78.6 °N, 10.14
°E (PK Forland in Figure 1) from June 2015 to May
2016 (Dglven et al. 2022) and from October 2016
to July 2017 to monitor methane release and the
influence of oceanic parameters. The instruments
were sent for maintenance and calibration between
the two deployments. CTD casts were conducted
immediately before deployment and recoveries to
ensure quality control and to correct any drifts in
the time series.

ANALYSIS OF TRENDS AND PROCESSES

2.1.6. Kongsfjorden moorings

UiT/SAMS observatory at the mouth of
Kongsfjorden Svalbard (KF Mouth)

The oceanographic mooring KF Mouth is located
at approx. 78.96 °N 11.8 °E in Kongsfjorden, in a
water depth of ~225 metres and has been active
since September 2002 (Kongsfjorden Mouth in
Figure 1). In 2002 and 2003, the mooring was
located about 10 km west of its current location
at 79.05 °N 11.28 °E. Year-long T and S, data from
evenly distributed depths are obtained after annual
maintenance.

IndARC mooring in mid Kongsfijorden (KF
Mid)

INdARC (Indian Arctic) mooring was first deployed
in the central part of Kongsfjorden at 78.94 °N and
12.01 °E in July 2014 at a bottom depth of ~198
m (Kongsfjorden Mid in Figure 1), with minimal
variations in sensor locations/depths and measuring
data from ~20 m below the water surface. The
mooring has been deployed and recovered
annually in the first three deployments. In the last
two mooring deployments, it was recovered after
two years of data recording. T and S, have been
recorded at five to six evenly distributed depths at
an hourly resolution. CTD casts were carried out
near the mooring site for quality control.

MDI mooring in inner Kongsfjorden (KF
Inner)

MDI (mooring Dirigibile Italia) was deployed in
September 2010 at 78.914 °N and 12.246 °E
(Kongsfjorden, KF Inner in Figure 1) at a depth
of 104 m. The mooring is 73 m long, and T and
S, have been recorded almost continuously since
2010 at 85 and 30-35 m (nominal depths). Data
is downloaded during periodical maintenance,
quality controlled with the spike test and gradient
test according to the procedures proposed by
SeaDataNet and the Global Ocean Observing
System and uploaded to the Italian Arctic Data
Centre.
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2.1.7. Rijpfjorden mooring (RF)

The Rijpfiorden mooring (Figure 1) was established
in summer 2006. The mooring is in the northern
part of the fjord at a depth of 230 m, at 80.28 °N,
22.28 °E. The instrumentation used in Rijpfijorden
is consistent with that used in Kongsfjorden (KF
Mouth). T and S, data cover the water column for
the entire period apart from 2008-2009, when
heavy ice conditions made deployment impossible.

2.1.8. Northeast Svalbard moorings:
A-TWAIN

A mooring array deployed northeast of Svalbard
over the upper part of the continental slope (north
of Kvitgya, A-TWAIN in Figure 1) towards the
Nansen Basin is part of the project “Long-term
variability and trends in the AW inflow region”
(A-TWAIN) (Lundesgaard et al. 2021, 2022; Renner
et al. 2018, 2023). Measurements started in 2012
at two moorings, positioned over the 200 m isobath
(A200) and 800 m isobath (A800). In this chapter
we refer to the longest time series, A200, which
runs from September 2012 to November 2019 and
from November 2021 to October 2022.

2.2. Results: time series from marine
observatories

2.2.1. Monthly climatology

The monthly climatological data obtained from the
time series at the SIOS Marine Infrastructure (Figure
1) offer a valuable perspective for comparing local
thermohaline variability at each location. They also
allow valuable insights of the spatial propagation
of the warm and salty AW west of Spitsbergen,
towards the Arctic Ocean north of Spitsbergen
and into individual fiord systems on the way. We
acknowledge that the climatology can be highly
influenced by the chosen infrastructure location,
and that some of the marine infrastructures do
not cover the whole water column. However, we
have found a set of marine time series that can
clearly show the Atlantification of the Svalbard
region during the last two decades, and in addition,
can provide precious data to investigate the AW

propagation and its interaction processes with the
continental slope-shelf-fiord system. In summer,
the climatological maximum T in Kongsfijorden is
found in October (Figure 1) and therefore delayed
by one month compared to (depth-average data)
Isflorden, and two months compared to (surface
data) Hornsund. Maximum T is found in October/
November in Rijpfjorden and at the A-TWAIN
mooring northeast of Svalbard and depth-averaged
T at A-TWAIN is 1°C lower compared to Isfjorden
and Kongsfijorden. The climatological minimum T
is found in March/April for all shelf/fjord systems
along the West Spitsbergen Shelf (WSS), while the
S1 and A-TWAIN moorings have their minimum T
in June (Renner et al. 2018; Bensi et al. 2019). At
the S1 and A-TWAIN moorings, the seasonal signal
in both T and S, is dominated by the seasonal
cycle in advected AW, with maximum influence in
October/November when the West Spitsbergen
Current (WSC) and Svalbard Branch (SB, Figure 1)
are in their strongest phase and T and S, signals are
highest north of Svalbard (Lundesgaard et al. 2022).
The seasonal cycle in S, at the Isfiorden Mouth is
more influenced by the fresher Spitsbergen Polar
Current (SPC), especially during fall. In winter and
spring (January-May) the interplay between the
SPC and the Spitsbergen Through Current (STC)
determines the interannual S, variations. However,
the maximum S, at Isfjorden Mouth is found
in March due to the strong STC during winter
(Skogseth et al. 2020), driven by the strong and
frequent winter storms across Svalbard (Cottier et
al. 2007; Nilsen et al. 2016). According to Nilsen
et al. (2016), the maximum S, signal is advected
northwards by the STC to the Kongsfjorden mouth,
passing the PK Forland observatory (Figure 1),
with a reduced S, one month later, in April. The
Kongsflorden Inner seems to be less affected by
the SPCsince S, stays close to the same level after
the maximum in April but with a local maximum in
September due to the increased exchange of AW
between the shelf and Kongsfiorden (Cottier et al.
2007: De Rovere et al. 2022). In contrast, at the
deep site S1 south of Svalbard, the greatest impact
of AW intrusions occurs during the winter season
(December-January) as a result of vertical mixing
caused by the passage of internal waves along the
western margin of Svalbard (Bensi et al. 2019).
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Figure 1: The position of all SIOS Marine Infrastructures described and analysed in this report with illustration of the
dominating current systems influencing the West Spitsbergen Shelf, the fjord systems in Svalbard and the shelf north of
Svalbard. Monthly climatology of Conservative Temperature and Absolute Salinity are presented for marine infrastructure
with a time series longer than five years. Climatology is calculated from depth-averaged time series starting from 50 m
and deeper if no specific depth is indicated in the title. Note that the scales differ. WSC: West Spitsbergen Current; STC:
Spitsbergen Through Current; SPC: Spitsbergen Polar Current; SB: Svalbard Branch.

2.2.2. Multi-year variability

We analysed the time series of monthly mean
data from the offshore marine systems (Figure 2)
merged with the model output from Copernicus
Arctic Ocean Physics Reanalysis (CMEMS, Arctic
Ocean Physics Reanalysis, product ID ARCTIC_
MULTIYEAR_PHY_002_003, monthly average®) to
get an overview of what the fixed observatories are
recording with respect to the upstream signals. The
long-term thermohaline variability, expressed by the
CMEMS time series at 200 m depth, shows both

5  https:/doi.org/10.48670/moi-00007

the seasonal signal and the long-term variability.
The latter reveals a slight increase (+ 0.8°C) in T
from 2002 to 2022, while S, shows two phases:
an increasing phase until around 2012-2013 and
a subsequent decrease, more pronounced after
2018. This freshening phase could be related to
a delayed effect of the freshwater anomaly of the
subpolar regions of the North Atlantic, whose signal
is shifted to the high latitudes by the subpolar
gyre (Holliday et al. 2020, Figures 2 and 3). The
annual and seasonal variations appear to be quite
consistent across the four observing systems. The
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decrease in S, observed in the CMEMS output is
also observed in A-TWAIN and S1, showing that this
AW freshening signal propagates both northwards
and into the deep ocean. Within the time series
in Figures 2a,b, two overlapping periods are
considered for which overall means and standard
deviations (std) are calculated. During the longer
overlapping period, Jul 2014-Nov 2019, mean
and std for T (and S,) are: CMEMS 4.908+0.495
(35.261+0.024), A-TWAIN 1.791+1.257
(34.968+0.095), S1 -0.770+0.081 (35.074+0.001).
During the shorter period, Dec 2021-Sept 22,
they are: CMEMS 4.573+0.523 (35.218+0.017),
A-TWAIN 1.111+0.817 (34.900+0.039), and S1
-0.732+0.065 (35.074+0.000). Larger std values at
A-TWAIN reflect a greater thermohaline variability
in northernmost Svalbard. The anomalies associated
with the monthly climatology (Figure 2c,d) show
multi-year cycles of AW inflow in the CMEMS
data. The longest persistently positive T anomaly

is found between 2015 and 2019. It also appears
coherently in the A-TWAIN time series until 2018.
A persistently positive T anomaly at S1 is observed
after 2020. During the longer overlapping period,
Jul 2014-Nov 2019, linear trends for the anomalies
are calculated (Figures 2c¢,d) but only statistically
significant trends are reported in T for A-TWAIN
(-0.8°C) and S, for both CMEMS (-0.05 g/kg) and
A-TWAIN (-0.2 g/kg).

All hydrographic time series from the continental
shelf and inside fjord systems are presented in
Figure 3. Figure 3a shows a latitudinal T gradient,
with the northernmost fjord, Ripfjorden, being
coldest. It also shows the lowest S, (Figure 3b).
However, the southernmost fjord, Hornsund, has
a lower maximum T during summer compared to
Isfiorden and Kongsfjorden, due to having the
closest proximity to the northwestern Barents
Sea and Storfijorden, which historically consist of
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Figure 2: Conservative Temperature (a) and Absolute Salinity (b) time series (monthly mean) from the offshore marine
observatories (S1, SC, A-TWAIN) at depths indicated in the legend, compared with CMEMS outputs at around 76°N
14°E and 200 m depth (AW core). A-TWAIN data are depth-averaged time series starting from 50 m. The vertical red
lines (b) indicates AW intrusions at S1, using the definition described in section 2.1 and based on daily mean time series.
Mean values and std for the overlapping period Jul 2014-Nov 2019 are reported in the tables. (c, d): deviation from the
climatological mean (anomaly) for the time series longer than five years. Linear trends (statistically significant with p<0.05)
are shown for the overlapping period Jul 2014-Nov 2019. Note that the y-axis on the right (red) has a different scale to
reproduce the variability at S1.
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Arctic Water types. There is no apparent trend
in T and S, over the two decades (Figure 3a, b),
but the anomalies (Figure 3c, d) reveal cycles of
warmer/saltier periods (2006-2008, 2012-2018)
and colder/fresher periods (2002-2006, 2008-
2012, 2020-present). The flooding of AW on the
WSS and into the flord systems are indicated by
the AW and TAW detection in Figure 3b and the
period 2012-2018 shows their exceptionally high

ANALYSIS OF TRENDS AND PROCESSES

occurrences. This is what we call Atlantification
(i.e., increasing influence of AW in Arctic regions).
Cottier et al. (2007) explained the first incident
of Atlantification on the WSS during winter 2006
through regional air-ocean interaction mechanisms
(i.e., periods of sustained northerly winds along
the shelf that generate upwelling, which has the
potential to transport AW across the shelf and into
the fjords). Moreover, Nilsen et al. (2016) showed
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Figure 3: Time series of monthly mean Conservative Temperature (a) and Absolute Salinity (b) from the marine infrastructures
(with similar colour code as in Figure 1) on the continental shelf and fjord systems west and north of Svalbard. These are
depth-averaged time series starting from 50 m if no specific depth is indicated in Figure 1. The light red shading (b)
indicates when AW and TAW are present west of Spitsbergen, using the definition described in section 2.1 and based on
daily mean time series. The Isflorden Mouth time series was used to classify water masses since it has the best coverage
of salinity sensors in the water column, and the Kongsfjorden Mouth time series is used whenever the former had a gap.
(c, d): deviation from the climatological mean (anomaly) for the time series longer than five years (Figure 1). Abbreviations:
HS - Hornsund, IF - Isflorden, PKF - Prins Karls Forland, KF - Kongsfiorden, RF - Rijpfiorden.
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that the Isfjorden system is the Svalbard fjord most
exposed to the WSC and hence to the AW source.
There, the topography of the Isfjorden Trough
favours the entrance of the AW transported by the
STC (Figure 1). The T and S, anomaly time series
(Figures 3¢, d) show an approximate 6-year cycle of
AW and TAW inflow (Figure 3b and Walczowski et
al. 2012) in the fjord systems as well as short-term
Atlantification pulses occurring during wintertime
and reported in literature (Cottier et al. 2007;
Nilsen et al. 2016; Skogseth et al. 2020). T and S,
anomalies show a good correspondence between
Isflorden and Kongsfjorden. The freshening phase

since 2018 (Figure 3b), as also observed in the
offshore marine systems (Figure 2b), and the
predominantly negative S, anomalies in 2020-
2021 (Figure 3d), are probably related to the
freshening of the north Atlantic and the Nordic
Seas that began in 2012 (Mork et al. 2019; Holliday
et al. 2020) and transported to high latitudes. This
would be consistent with the estimated delay of
4-6 years for the S, signal to propagate to Svalbard
from the north Atlantic (Holliday et al. 2020). The
freshening signal after 2018 is also observed in the
northwestern Barents Sea (Kolas et al. 2024).

3. Contributions to interdisciplinarity

The Atlantification of Svalbard waters has wide-
reaching effects, with implications for multiple
disciplines. The large heat content of Atlantic
water affects both atmosphere and cryosphere,
melting sea ice, tidewater glaciers, and heating
the air above. The positive feedback of loss of
ice reducing albedo and thus increasing radiative
warming (Arctic amplification) is a phenomenon
that is particularly evident in western fjords of
Svalbard, where air temperatures are rising twice
as fast as in other regions. Atlantic water carries
nutrients that potentially affect phytoplankton
blooms; it also transports marine species from
the south, altering the local marine species

4. Unanswered questions

What is the dominant time scale of Atlantification?

The North Atlantic exhibits a pronounced
atmosphere and ocean decadal variability (Arthun
et al. 2021). Arctic Atlantification is reflected in
both long-term and multi-year variability. Recent
studies also show that this process appears to have
accelerated in the 2000s. The issue is controversial,
however, and some palaeoceanographic studies
point to signs of Atlantification as early as the

communities and predator-prey relationships.
Increasing interdisciplinary collaboration also has
the potential to reveal drivers of Atlantification.
Combining the long hydrographic time series with
data from local weather stations is useful to clarify
the driving mechanisms for the pulses/cycles of
AW inflow and predict marine heat waves and the
advection of aerosols. While we present purely
physical parameters (temperature and salinity)
here, mooring infrastructures increasingly carry
biological and chemical sensors that contribute to
multidisciplinary studies of marine ecosystems over
long periods.

beginning of the 20th century (Tesi et al. 2021;
Polyakov et al. 2023).

Is the Atlantification permanent and irreversible?

This is not yet completely understood. There is
certainly multi-year variability in the system, but the
data collected to date show a long-term trend that
is linked to the global warming process and cannot
be ignored.
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5. Recommendations for the future

e MAINTAIN long-term deep-sea observation

systems south and north of Spitsbergen to
record the variability of the Atlantic Water
inflow.

PLAN AND PROMOTE opportunistic and
systematic Conductivity-Temperature-Depth
(CTD) measurements in key areas and near
marine infrastructure and standard monitoring
transects to ensure data guality (comparisons),
possibly in collaboration with the Atlantic-Arctic
Distributed Biological Observatory (A-DBO)
network.

HARMONIZE marine infrastructures by
promoting the installation of oxygen sensors
(harmonising marine observatories) to monitor

6. Data availability

deep-water ventilation or, as an indirect
measure, to monitor changes in the ecosystem
(e.g., biological carbon pump) linked to the
Atlantification.

EVALUATE the optimisation of marine
infrastructures for specific purposes, e.g.,
monitoring the Atlantification process, and
encouraging the international scientific
community to opt for common systems, other
than standard repeat transects, instead of
competing systems near each other.
INVESTIGATE the sequestration of carbon
to ocean depths associated with the seasonal
migration of polar zooplankton because of
Atlantification.

Table 1: Data availability and location of metadata from the marine systems used in the ARiS Chapter

Location Dataset/Code Parameter/  Period Dataset Metadata access (URL)
(lat/lon) depth (m) provider
SouthSvalbard
76°6.42' N E‘;’r?(/l'asr%esr‘)’/%tg T/S@380 | 2022-23 UIT https:/doi.org/10.18710/XIBMHR
015°58.02' E P
SW Svalbard 2014-23 s i
76°24.01'N | S1mooring/S1 | T/S@1040 | Gap Mar-Sep | OGS, CNR-ISP ggz;;ﬁf)‘t’)'é?;ﬁ%g;g%%gé%%f”
013°54.00' E 2021
Hornsund fjord https:/dataportal.igf.edu.pl/dataset/
76°59.00' N | FONSHORN | 7/5@10.25 58%32&5) IG PAS temp_sal_one_hour_averaged
015°55.00'E & mooring_data
g:ﬁ;g:g Prins Karls
78933 66'N Forland (lander)/ | T/S@%0 2015-17 UiT https:/doi.org/10.18710/IIMSEK
010°08.52'E PIE
https:/metadata.iadc.cnr.it/
) geonetwork/srv/eng/catalog.search#/
1/5@90 2010-23 metadata/aa793636-94bb-4c57-
8480-1cb0e5af6296
Kongsfjorden https:/metadata.iadc.cnr.it/
78°54.84' N MDI mooring/KF T@35 2010-23 CNR-ISP geonetwork/srv/eng/catalog.search#/
012°14.76' E inner metadata/60ed7e7b-e355-4348-
9a22-4888cd088fal
https:/metadata.iadc.cnr.it/
geonetwork/srv/eng/catalog.search#/
T/S@30 2016-23 metadata/1044a3a5-6b4f-4834-
a718-a47dd2d4ebe5
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https://doi.org/10.18710/XIBMHR
https://doi.org/10.71761/2298c267-0e42-4bb8-8196-d2076fdf6d8e
https://doi.org/10.71761/2298c267-0e42-4bb8-8196-d2076fdf6d8e
https://dataportal.igf.edu.pl/dataset/temp_sal_one_hour_averaged_mooring_data
https://dataportal.igf.edu.pl/dataset/temp_sal_one_hour_averaged_mooring_data
https://dataportal.igf.edu.pl/dataset/temp_sal_one_hour_averaged_mooring_data
https://doi.org/10.18710/IIMSEK
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/aa793636-94bb-4c57-8480-1cb0e5af6296
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/aa793636-94bb-4c57-8480-1cb0e5af6296
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/aa793636-94bb-4c57-8480-1cb0e5af6296
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/aa793636-94bb-4c57-8480-1cb0e5af6296
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/60ed7e7b-e355-4348-9a22-4888cd088fa1
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/60ed7e7b-e355-4348-9a22-4888cd088fa1
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/60ed7e7b-e355-4348-9a22-4888cd088fa1
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/60ed7e7b-e355-4348-9a22-4888cd088fa1
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/1044a3a5-6b4f-4834-a718-a47dd2d4e6e5
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/1044a3a5-6b4f-4834-a718-a47dd2d4e6e5
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/1044a3a5-6b4f-4834-a718-a47dd2d4e6e5
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search#/metadata/1044a3a5-6b4f-4834-a718-a47dd2d4e6e5
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Location Dataset/Code Parameter/  Period Dataset Metadata access (URL)

(lat/lon) depth (m) provider
Kongsfjorden
78°58'N
011°48'E
(main) . . .
KF mooring/ UiT, SAMS, https:/dx.doi.org/10.5281/
o KF Mouth Wees20 | 200724 UNIS, NPI zenodo.14016309

79°03'N
011°18'E
(some early
years)

National https:/npdc.ncpor.res.
Kongsfiorden Centre for in/npdc/search_mf_data.
78°56.40'N INdARC/KF mid | T/S@17-182 | 2014-21 Polar and action?search=location&expedition
012°0.60' E Ocean type=Arctic&parameter=MF-

Research, India | 1131211289&userType=user
Isflorden Mouth Z)SO@ZO 2005-07 https:/data.npolar.no/
78°03.64’ N . 2010-19 dataset?pageSize=508&q=Isfiorden%20

5 ) South/IF Mouth Varies -
013°31.44'E 2020-22 mooring
annually

UNIS
Isfiorden Mouth North/IF 2/255@20_ https:/data.npolar.no/
78°10.95' N . 2015-19 dataset?pageSize=50&q=Isflorden%20
013°23.63' € | North varies mooring

' annually
2007-08*
Isfiorden Entrance South/ I{,DSO@ZO 2(6)8%Jan-5ep https:/data.npolar.no/
78°07.52" N IF s " UNIS dataset?pageSize=50&q=Isflorden%20
014°25.16' VeSS ZONP2S moorin
’ annually *Gap Jun-Sep moorihg

2020
https:/data.npolar.no/

2012-13 dataset/73d0ea3a-fd21-4eab-8eb9-
1e033fefcd8e
https:/data.npolar.no/dataset/

2013-15 c972dd9c-562b-4cébc-9bdb-

Shelf break 44ad0c0f4707

north of A-TWAIN arrays/ NPI/IOPAN/ https:/data.npolar.no/dataset/
Svalbard A-TWAIN T/S@44-137 | 2015-17 IMR/UIT ceb74f92-bb58-44f0-b492-
81°24.2'N c75667ddc86d

031132t https:/data.npolar.no/dataset/

2017-19* €7041026-9d91-4924-a186-
48ba2d93b487
https:/data.npolar.no/

2021*-22* dataset/86ec6869-76c2-46f2-a8f2-
8dfae84930e5

ggi’qc;“;i',‘N Rijpfiorden T@8-230 | ho06.04 UIT/SAMS/ | https:/dx.doi.org/10.5281/
022° 1’7 ONE mooring/RF T/S@20-230 UNIS zenodo.14018468
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1. Introduction

Microbial communities are major drivers in all
Earth’s ecosystems, playing a pivotal role in energy
flows and biogeochemical cycles. Being sensitive to
environmental conditions and external processes,
microorganisms are considered excellent sentinels
of possible changes taking place in the Arctic, an
area particularly sensitive to alterations in ecological
dynamics due to climate change. This makes them
valuable for providing substantial information which
can be correlated with other variables, thus offering
a more comprehensive understanding of global
changes and trends (Caruso et al. 2016). As stated
by Malard et al. (2019), a comprehensive census
of microbial biodiversity and functional patterns is
needed in the Svalbard region to better understand
the role of these communities and the possible
use of microbial variables (abundance, diversity,
metabolism, antibiotic resistance) as a sentinel of
environmental change.

Although several studies describing microbial
biodiversity have been conducted in Svalbard,
very little is known about how such biodiversity
might shed light on antibiotic resistance or
pathogen abundance. The general lack of insight
into microbial spatial distribution patterns and how
microbial communities response to environmental
change, is further exacerbated by the fact that
the data are often expressed in different forms or
obtained by different methods. This represents a
serious gap, as the specific conditions in the Arctic
(its geographic location, low temperature, presence
of ice and snow cover, and extended periods
of darkness) favours accumulation of airborne
particles, creating a reservoir for compounds
transported by the atmosphere. Moreover, due to
intense glacier melting and permafrost thawing,
particles that have been stored for centuries are
now being re-introduced to the environment. In
addition to pollutants, these particles can contain
pathogenic bacteria or viruses that can pose a
threat to ecosystems (Pearson et al. 2019; Perini
et al. 2019). Despite low abundance of pathogenic
microorganisms in aquatic environments, the
cryosphere could preserve them in a dormant

1 https:/researchinsvalbard.no/
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state, and the melting of ice matrices caused
by global warming could lead to their release,
thus posing a potential danger of epidemics that
could rapidly cause health problems, economic
losses, and societal damage (Lowther et al. 2012;
Hofmeister et al. 2021). In addition, the expansion
of human settlements could also contribute to
the spread of human-associated pathogens (Gitay
et al. 2002). The presence of antibiotic-resistant
microorganisms and antibiotic-resistance genes
(ARGs) was demonstrated in frozen environments
in the Arctic and elsewhere (Rafig et al. 2019;
Busi et al. 2023; Vishnupriya et al. 2024). Climate
change processes determine the mobilisation and
accumulation of chemical contaminants in the
Arctic (AMAP 2018) and the release of dormant-
but-viable microorganisms entrapped therein for
millennia (Yarzabal et al. 2021).

In an attempt to address the issues described
above, this review applies a systematic approach,
compiling scattered data and providing a temporally
and spatially explicit knowledge framework to
better delineate and define future priorities. The
review explores the currently available studies that
have assessed microbial diversity in the Svalbard
archipelago using culture-dependent methods (e.g.,
cultivation followed by isolation and screening)
or a culture-independent approach (e.g., DNA
sequencing). The chapter showcases the state of
the art on major microbial taxa in the different
matrices investigated in Svalbard by providing a
snapshot on biodiversity. It highlights the under-
investigated matrices and the most promising
approaches for studying them. Moreover, microbial
diversity is critically discussed in relation to
important topics such as antibiotic resistance (AR),
the spread of chemical pollution and pathogens,
and climate change.

The Research in Svalbard Portal (RiS?) is a useful
tool for gaining an overview of past and current
research, fieldwork and monitoring activities in
Svalbard. In total 46 of the projects present in
RIS (of which eight are currently active) relate to
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microbial diversity, but only two concern eastern
Svalbard. Sixteen projects in the RiS catalogue
study the effects of climate change on microbial
communities, of which five are currently active,
while one is related to the study of pathogenic
microbial communities in glacial ice. Additionally,
four projects concern microbial AR, and one

project is focused on the potential microbiological
risks of virulence factor and ARGs under global
climate change. Prior to the literature search for
this review, different search strings were tested to
query Scopus and Web of Science as appropriate
databases in scientific fields.

2. Microbial diversity across the Svalbard environments

To gain an overview about studies on microbial
diversity, the literature search included three
substrings connected using Boolean operators
(AND and OR) and the wildcard “*”, by imposing
Article title, Abstract, and Keywords as search fields.
The substrings used were broad enough to collect
a large amount of literature, while also allowing us
to refine the results in line with the objective of
the research (James et al. 2016). After comparison
of different combinations of keywords, the string
("Svalbard" AND "bacterial" AND "diversity") was
used. Therefore, more focused literature search
was carried out on the main themes of the review,
i.e., AR, spread of bacterial pathogens, pollution and
climate change. The use of strings makes it possible
to do a standardised search, by establishing precise
criteria to extract information from the databases in
a more rigorous way. The search may have missed a
few articles if the exact terms were not present in
the article title, abstract and keywords, but we are
confident that the reference literature is sufficiently
comprehensive. Sections 2.1-2.5 present the
microbial taxa found in different matrices in
Svalbard, summarising the current state of art on
the topic, highlighting the underexplored issues,
and thus suggesting the direction for research in
the future.

The microbial diversity in Svalbard has been
explored over years with different approaches
and techniques, spanning from the detection of
bacterial abundance and viability status (by DAPI
staining and LIVE/DEAD cell counting) to the
study of metabolic profiles (by carbon substrate
utilisation profiles and microbial enzymatic activity

2 https:/doi.org/10.5281/zenodo.14455795

measurements) and taxonomic structure (taxonomic
identification of bacterial strains, molecular
techniques including Denaturing Gradient Gel
Electrophoresis, pyrosequencing, next generation
sequencing techniques (e.g., metabarcoding,
metatrancriptomics, metagenome assemblies,
shotgun sequencing). Among the approaches
used, cultivation frequently provides taxonomic
identification up to the genus level, alongside
data on physiological and biotechnological
properties. In contrast, metabarcoding using next-
generation sequencing generates a vast number
of sequences, offering a more comprehensive
view of total microbial communities, in this text
reported at higher phylogenetic rank due to the
large amount of data. Studies using the more recent
metabarcoding techniques are mainly based on
amplicon sequencing, while a few papers adopted
the whole metagenome approach (see Table Al
in digital appendix?). Among studies referring
to the microorganisms inhabiting the Svalbard
habitats, studies on fungal, microalgal and viral
assemblages are available. Originally, this chapter
aimed to include all microorganisms; however, in
view of the copious amounts of data to discuss,
and for the sake of synthesis and greater clarity,
the chapter will mainly refer to bacterial and
archaeal communities. Different environmental
compartments were investigated for microbial
diversity on Svalbard (Figure 1), but studies were
conducted mainly in Spitsbergen, the largest island
of the Svalbard archipelago. A detailed overview of
available studies is provided in Table Al in digital

appendix.
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Figure 1: Locations of microbial diversity studies conducted
in Svalbard.

2.1. Glaciers: snow, ice, cryoconite

Research on glaciers revealed a hitherto unknown
microbial diversity, with indicator species that are
potential sentinels for the exchange of bacteria
between glaciers and downstream seawater;
this transport may have altered the fjord water
composition and impacted the marine ecosystems
(Garcia-Lopez et al. 2019). Glaciers currently
represent habitats hosting unknown and novel taxa.

SNOW - The characterization of bacteria in the
snow cover is a challenge for researchers interested
in improving knowledge to decipher the role of
microorganisms in biogeochemical cycles and
the chemical reactions occurring in Arctic snow
(Dayal et al. 2023; Amato et al. 2007), or their
correlations with meteorological events. Currently,
isolating bacteria from snow is still very difficult
due to low abundances and the peculiar growth
conditions required, which are hard to replicate in
laboratory conditions. In Ny-Alesund and in the
accumulation area of the Kongsvegen glacier, a
total of ten distinct bacterial strains were recovered
by cultivation (identified as Chelatococcus,
Brevundimonas, Bacillus, Micromonospora, Moraxella,

REVIEW

Undetermined Sphingomonadaceae, Paenibacillus
and Agromyces), but most of them were obtained
after proper enrichment procedure instead of direct
plating of melted snow on agar media (Amato et al.
2007). However, the application of next generation
sequencing techniques allowed us to overcome
the issue and has provided a more comprehensive
overview of snow microbial diversity. In a recent
study on seven glaciers in Svalbard, metabarcoding
revealed that Gammaproteobacteria were
predominant in snow bacterial communities,
followed by Betaproteobacteria, Alphaproteobacteria,
Actinobacteria, Bacilli, Sphingomonas, Flavobacteria,
and Cyanobacteria. The role of these isolates
in snow chemistry is crucial, probably linked to
their capacity to break down organic compounds
commonly found in Arctic snow (e.g., propionate,
acetate, and formate) and to their physiological
properties (spore-forming ability, pigmentation,
and capacity to grow in low-nutrient media). This
enables them to thrive during snowmelt and
to contribute to the carbon balance and other
geochemical cycles.

ICE - Glaciobiological studies in the Svalbard
area are few and mainly focused on cryoconite
biology (Amato et al. 2007; Edwards et al. 2011).
The available studies on ice samples mainly
employed traditional methods to define the total
cell abundance in firn-cores (Midtre Lovénbreen
glacier, Svalbard; Singh et al. 2015 a,b). Bacteria
play diverse metabolic roles in the carbon (C),
nitrogen (N), and phosphorus (P) cycles (Edwards
et al. 2011) and have a significant impact on
the biogeochemistry of their environments. As
evidenced for snow, the studies reported a low
culturability of bacteria from samples in laboratory
conditions. The bacterial isolates were mainly
affiliated to Bacillus, Pseudomonas and Sphingomonas
spp. A total of 59 phylotypes (distributed among
Proteobacteria, Bacteroidetes, Actinobacteria,
Firmicutes, Acidobacteria, Deinococcus-Thermus,
Chloroflexi, Planctomycetes, Cyanobacteria and
candidate division TM7) were detected in ice core
samples from the Austre Lovénbreen glacier by
applying a mixed approach, coupling clone libraries
and bacterial isolation (Zeng et al. 2013). In total,
nineteen Pseudoalteromonas and Psychrobacter

6 MicroSIOS

155



156

strains were isolated. Overall, there was a strong
correlation between the ice cores and marine
environments, indicating a wide distribution of
some bacterial taxa in both terrestrial and marine
ecosystems.

CRYOCONITE - Cryoconite holes are peculiar

habitats occurring on glaciers, formed as a result
of aeolian transport of dust and debris to the
glacier surface, and offering optimal conditions for
the proliferation of microbial life. The reduction
of albedo due to the presence of dust induces
melting and the formation of cylindrical melt-
holes containing dark granular sediment and
clear meltwater. The consequent increase of solar
radiation absorption by the cryoconite granules
favours the establishment of high rates of microbial
primary production and respiration (Edwards et al.
2013). To date, studies on prokaryotic diversity in
cryoconite ecosystems have concerned the glacier
areas of Austre and Vestre Brgggerbreen and Midtre
Lovénbreen (Ny-Alesund) (Edwards et al. 2011,
2013, 2014), the Foxfonna ice cap in Svalbard
(Gokul et al. 2016), the Hans and Werenskiold
Glacier (Hornsund) (Grzesiak et al. 2015),
Longyearbreen (Zarsky et al. 2013), three valley
glaciers Nordenskioldbreen, Hgrbyebreen and
Ebbabreen (Vonnahme et al. 2016, on prokaryotic
cyanobacteria). The interest in cryoconite systems
lies in the correlations between the microbial
community structure and the functionality of these
habitats, in addition to the interactions between
the aeolian transfer of biota from ice-marginal
habitats and the potential for cryoconite microbes
to inoculate proglacial habitats, currently poorly
explored. Several studies support the establishment
of distinct functional microbial communities in the
cryoconites, with distinctive niches for bacterial
taxa. These observations were obtained by using
terminal restriction fragment length polymorphism
(T-RFLP) and 454-pyrosequencing techniques,
which identified Proteobacteria, Cyanobacteria
and Bacteroidetes as dominant taxa (Edwards et
al. 2011, 2013, 2014). Cyanobacteria, together
with Actinobacteria members, were subsequently
suggested as respective keystone taxa and
ecosystem engineers of cryoconite ecosystems
colonising ice caps (Gokul et al. 2016). The only

scientific data on culturable bacterial communities
are provided by Singh et al. (2014), who highlighted
a strong ecological adaptive potential of isolates
(mainly Pseudomonas, Polaromonas, Micrococcus,
Subtercola, Agreia, Leifsonia, Cryobacterium,
and Flavobacterium members) in terms of
carbon utilisation, production of fatty acids and
cryoenzymes.

More often, the studies are geared toward
multiple interrelated matrices, allowing predictive
assessments about the interactions between
different environmental compartments (Piquet et
al. 2010). In line with this, Thomas et al. (2020),
reported an abundance of Betaproteobacteria
in glacier snow, ice and meltwaters, while
Alphaproteobacteria and Verrucomicrobiae
predominated the fjord water. Interestingly,
distinct bacterial communities were described in
melting waters, with clear signatures of the glacier
ecosystem, and fjord water, with a most pronounced
representation of marine taxa. These findings
highlighted the occurrence of unknown taxa in the
melting waters, pointing out their role as conducive
hotspots for unknown microbiota resulting from
the amplicon sequencing (V3-V4 region of the 16S
rRNA) (Keuschnig et al. 2023). The same technique
combined with cultivation approach was applied
by Perini et al. (2019) on the study of fungal and
bacterial communities of three glaciers by exploring
glacial ice and associated meltwater and lake-
derived tapwater in Kongsfjorden. Interestingly,
the fungal communities of the three glaciers were
spatially heterogeneous, while a high sharing level
was detected in the bacterial communities with
Flavobacterium as the most frequently isolated
genus and Actinobacteria and Proteobacteria as
the most abundant taxa detected by amplicon
sequencing. Some studies were focused on the
search for specific bacterial taxa possibly involved in
biogeochemical cycles, such as ammonia-oxidising
Archaea, contributing to the immobilisation of NH
and the production of surplus NO, detected in
aggregation of surface debris particles on melting
glaciers (Zarsky et al. 2013). It has been proven that
the surface of the valley glacier Aldegondabreen
hosts a diverse microbial community dominated
by Cyanobacteria, Proteobacteria, Bacteroidetes, and
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Actinobacteria, while ammonia-oxidising Archaea
were first detected in the aggregates on an Arctic
glacier supplied with carbon and nutrients from
different sources across its surface, including
colonies of seabirds. The study of microbial
community composition was interestingly related
to other biotic compartments, by correlating the
bacterial and archaeal assemblages with the role of
algal populations in some Svalbard glaciers (Vestre
and Austre Brgggerbreen, Midtre and Austre
Lovénbreen, Pedersenbreen, and Feiringbreen),
including a miscellany samples (clean, red, and green
snow, biofilm, clean and dirty ice, and cryoconite
samples) (Lutz et al. 2017). Bacteria were mainly
represented by Proteobacteria, Bacteriodetes
and Cyanobacteria, with the predominance of
Bacteriodetes in snow and transition habitats and
lower abundances in dirty ice and cryoconite
holes. Contrastingly, the Archaea showed low
diversity, with a community structure composed by
Nitrosophaerales and Methanobacteriales members,
detected in snow, ice and cryoconite samples.

2.2. Soil and permafrost
e TUNDRA SOILS - Soil microbial communities
play a fundamental role in major global
biogeochemical cycles, particularly in polar
regions. The role of soil heterotrophic bacteria
mainly lies in stabilising and decomposing
organic matter in soil, which affects the
global carbon cycling. The microbially driven
mineralisation of organic matter is anticipated
to be a key feedback mechanism affecting the
global climate system (Schuur et al. 2015).
Warmer Arctic winters, predicted by climate
models, could result in decreasing local snow
cover and modify the frequency of freeze-
thaw cycles. These changes, together with
soil structure, may influence the activities and
environmental functions of the microbiota
(Kotas et al. 2018; Lim et al. 2018; Wutkowska
et al. 2019). Overall, the most abundant bacterial
phyla in Svalbard tundra soils are Proteobacteria,
Actinobacteria, Acidobacteria, Planctomycetes,
Cyanobacteria, Chloroflexi, Bacteroidetes,
Cyanobacteria and Verrucomicrobia (Wang et
al. 2016; Lim et al. 2018, 2020; Kerfahi et al.
2019; Almela et al. 2023). Warming could slowly
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influence the bacterial community composition
in Arctic soil, highlighting the importance of
water availability in determining microbial
responses to warming (Lim et al. 2018). The
proportions of Proteobacteria and Bacteroidetes
can change, depending on soil organic matter
and total organic carbon contents, being higher
in the organic layer than in the mineral soil layer.
Conversely, the proportion of Acidobacteria can
be higher in mineral soil than in the organic layer
(Lee et al. 2013).

BIOCRUST - Ice-free soils in polar and sub-
polar regions can be covered by biocrusts
(biological soil crusts, with a thickness of about
5 mm), deriving from the association between
prokaryotes and eukaryotes living on the
uppermost soil surface. In partially vegetated
Arctic areas, biocrusts are crucial habitats
because they support the establishment and
development of vascular plants and small
animal communities, as well as the carbon (C)
and nutrient cycles (N and P). Still, knowledge
about the composition of the biocrust microbial
community in polar areas, including Svalbard,
remains scant and fragmentary. Overall,
taxonomic assignment revealed the dominance
of Acidobacteria, Actinobacteria, and Chloroflexi
in Svalbard biocrusts (Pushkareva et al. 2022).
Nitrogen-fixing cyanobacteria Nostocales,
Synechococcales, and Oscillatoriales dominate
cyanobacteria communities (Pushkareva et al.
2015). Together with them, Actinobacteria also
can fix nitrogen, a particularly vital function
in polar biocrusts where nitrogen is scarce.
Actinobacteria are oligotrophs with a role in the
carbon, nitrogen, and sulphur cycles, and have
the ability to produce extracellular polymeric
substances that support their survival in extreme
environments and may promote biocrust
formation (Weber et al. 2022).

POLAR DESERTS (ROCKS) - Rocks can
represent hotspots for microbial diversity, as
the physical and chemical features of lithic
substrates can affect microbial colonisation.
The assessment of the microbiome of rocks
showed that Thaumarchaeota, Proteobacteria,
and Ascomycota are the most abundant archaeal,
bacterial and fungal taxa, respectively (McCann
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et al. 2016; Choe et al. 2021). The compositions
of both bacterial and fungal communities can
vary across different rock types (e.g., sandstone,
basalt, or granite) depending on the geochemical
characteristics of the rocks (i.e., Mg and Ca for
bacteria, and Fe for fungi and bacteria) (Choe
et al. 2018). Among Bacteria, Actinobacteria,
Chloroflexi, Bacteroidetes and Acidobacteria can
be predominant (McCann et al. 2016). Fungal
communities can consist of Eurotiomycetes,
Lecanoromycetes, Dothideomycetes and
Leotiomycetes. Overall, the survival of rock-
dwelling microbes in diverse environments relies
on essential traits such as oligotrophy, stress
resistance, and a wide variety of growth forms.
GLACIAL FOREFIELDS/FORELAND - Glacial
forefields represent unique natural laboratories
to study microbial community succession, soil
formation, and polar ecosystem evolution
and functioning. Microbial communities have
been recognised as pioneering inhabitants
of glacier forefields, being involved in the soil
development during glacier retreat. In Svalbard,
soil microbial co-occurrence network was found
to change along the temporal succession of
glacier retreat. Species tended to have closer
integration and more interaction with each
other in more stressed environments. Results
from chronosequence approaches suggest
that soil ecosystem development is highly
influenced by locally heterogeneous factors,
and integration between members of soil biota
and microbial consortia, playing important roles
in niche adaptation and survival (Schitte et al.
2009; Dong et al. 2022; Luldkova et al. 2023).
The microbial community structure, ecological
functions, and stress adaptation strategies in
glacial forefields in Svalbard have scarcely been
explored. At the initial stage of soil development
of the glacial forefields in Svalbard, Bacteria
generally are more abundant than Archaea and
Fungi (Venkatachalam et al. 2021; Dong et al.
2016, 2022: Tian et al. 2023). Proteobacteria
and Actinobacteria are generally dominant
bacterial phyla in glacial environments, followed
by Bacteroidota, Acidobacteriota, Bdellovibrionota,
Firmicutes, and Myxococcota (Gorniak et al.
2017; Wojcik et al. 2018; Venkatachalam et
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al. 2021, 2024; Dong et al. 2022; Tian et al.
2023). Among Bacteria, Cyanobacteria are
important colonisers of recently deglaciated
proglacial soil in Svalbard (Kastovska et al.
2005, 2007; Pessi et al. 2019). Early, primary
communities are composed of chemolitotrophic
phylotypes related either to potentially novel
lineages or lineages predominantly restricted
to cold (polar and alpine) biotopes, suggesting
that the initial colonisation of proglacial soil is
accomplished by cyanobacteria transported
from nearby glacial environments. Late, more
stable communities include more widely
distributed phylotypes, becoming established
only after the microenvironment has been
modified by the pioneering taxa (Pessi et al.
2019). As revealed by metagenome-assembled
genomes (Tian et al. 2023; Venkatachalam et
al. 2024), bacteria in glacial environments have
developed multiple physiological adaptations
to survive a combination of stress factors
(e.g., low temperature, frequent freeze-
thaw, high UV irradiation, and oligotrophy).
In addition, dissimilatory nitrate reduction
and denitrification were identified as the
main nitrogen metabolic pathways in glacial
forefields in the Arctic region of Svalbard. The
presence of the diazotrophic communities
across the glacier forefields was also reported
at Midtre Lovénbreen, with key organisms
including Nostoc, Geobacter, Polaromonas and
Frankia (Nash et al. 2018). Metabolic pathway
reconstruction also suggested versatility for
sulphide and thiosulphate oxidation, H, and CO
utilisation, and CO, fixation, highlighting the
importance of microbes in elemental cycling in
glacial forefields.

PERMAFROST AND ACTIVE LAYER SOILS

- Thirty-seven percent of the northern
hemisphere is covered in permafrost, which
holds large amounts of ancient carbon locked
in the form of soil organic matter (Strauss et
al. 2015). The Arctic's present warming is a
cause for concern for the climate because it
may release an unknown amount of carbon
into the atmosphere through processes
known as the "permafrost carbon feedback"
(Schuur et al. 2015). Microbiological studies



have focused on both the uppermost layer of
permafrost, known as the active layer, which
experiences periodic cycles of freezing and
thawing, and the underlying permafrost layer,
which stays frozen all year round (Dobinski
2020). Microbial communities in permafrost
play key roles in carbon cycle processes (organic
matter decomposition, hydrolysis, acetogenesis,
methanogenesis and methanotrophy) (Yang
et al. 2024). Permafrost areas are warming
at a global scale, and the increased microbial
activity causes previously protected organic
matter to decompose more quickly and releases
greenhouse gasses (such carbon dioxide and
methane). The thawing of Arctic permafrost
has significantly increased by 1.0 to 1.5 days/
year (Grinberg et al. 2024), as highlighted by
the growing active layer thickness in the soil.
Studies were performed to identify potential
connections between microbial community
structure and metabolic activity, permafrost
thawing and greenhouse gas fluxes, to better
predict climate change effects that include
microbial processes in Svalbard. The active layer
of the permafrost in Svalbard has been generally
found to have a higher microbial diversity,
biomass, and activity than in the permafrost
layer. Nitrogen cycle processes are crucial in the
active layer. Variations occur at seasonal level
with the enrichment of certain taxa specific for
a season, as well as stability or dynamic nature
of bacterial communities between seasons
(Schostag et al. 2015; Loganathachetti et al.
2022). According to Loganathachetti et al.
(2022), the conditions prevailing during winter
and summer can shape the bacterial community
in the active layer, with stable diversity in both
periods and variations mostly affected by total
nitrogen content. At phylum level, Proteobacteria,
Acidobacteriota, Verrucomicrobiota, Chlorofexi,
and Actinobacteriota, followed by Bacteroidota
and Gemmatimonadota, can occur in both
winter and summer seasons. Bacteroidota
and Verrucomicrobiota were more abundant in
winter samples, whereas Gemmatimonadota
and Acidobacteriota were present in high
abundance in summer. Nitrospirota, FCPU426,
Patescibacteria and Fibrobacterota were detected
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at very low abundance across all active layer
samples (Loganathachetti et al. 2022). A further
study carried out by Schostag et al. (2015)
on a temporal scale based on PCR amplicons
of 16S rRNA genes (DNA) and reverse
transcribed transcripts (cDNA) revealed that
overall, the dominant phyla were Proteobacteria,
Actinobacteria, Verrucomicrobia, Acidobacteria
and Gemmatimonadetes. At the cDNA level,
the dominant potentially active phyla were
Proteobacteria, Acidobacteria, Actinobacteria,
Verrucomicrobia, and Cyanobacteria. These
latter showed a pronounced seasonal variation
with lower abundance in winter than in
summer. A more in-depth analysis highlighted
that the abundance of Alphaproteobacteria,
Gammaproteobacteria and Acidobacteria
can decrease with soil depth, whereas
Betaproteobacteria and Gemmatimonadetes
increase (Mdller et al. 2018). These community
shifts can be ascribed to C turnover within
different soil horizons, as well as to a combination
of several factors, including oxygen availability
and redox effects. Interestingly, a spatial and
temporal variability of CO, was observed in the
fine-scale variations (every 3 cm) of microbial
communities throughout permafrost cores
(Mller et al. 2018). Xue et al. (2020) found
that the bacterial community composition
in soil horizons shifted markedly with depth,
i.e., the dominant phyla switched from
Acidobacteria and Proteobacteria in the active
layer to Actinobacteria, Bacteroidetes, Chloroflexi
and Proteobacteria in permafrost layers. When
one is predicting metabolic functionality from
metagenomic data, aerobic respiration and soil
organic matter decomposition are key metabolic
traits, in addition to the enrichment in genes
involved in regulation of ammonium, sulphur
and phosphate metabolism. This suggests that
high resolution microbial community permafrost
profiles may be useful to understand how the
different microbes function in this globally
important and changing Arctic environment.
Limited information exists regarding the
abundance and distribution of microorganisms
associated with Fe cycling in Arctic permafrost.
Among genera known to contain strains
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associated with Fe reduction/oxidation there
are Geobacter and Rhodoferax, Desulfosporosinus,
Anaeromyxobacter, Paenibacillus and Pelosinus
(Kolchev et al. 2022).

2.3. Marine environment

SEAWATER - Bacterial communities play a vital
role in the marine food web; these communities
include diverse populations of autotrophic and
heterotrophic lineages that govern various
biogeochemical processes. Changes in the bacterial
community composition can directly impact the
biogeochemical dynamics of marine systems. This
is particularly evident in the fiord system, where
rising temperature enhances efflux of meltwater
from the glaciers, with strong environmental
gradients in the water column due to the input
of sediment and organic matter to the fjords. Any
shift in community composition leads to a change
in enzymatic function and would directly influence
the biogeochemical processes, including those
involving specific elements, e.g., iron and sulphur
(Caruso et al., 2020). Advances in molecular
sequencing techniques have strongly contributed
to the knowledge in this research field. Sequencing
revealed that the bacterial communities commonly
retrieved from Svalbard waters (including fjord
water, meltwater and glacier water) were mainly
comprised of Proteobacteria (Alpha- and Gamma-),
Bacteroidetes, Cyanobacteria, Verrucomicrobiae,
Actinobacteria, Acidimicrobiia and Oxyphotobacteria
(Cardman et al. 2014: Han et al. 2022: Kosek et
al. 2019; Sutowicz et al. 2020; Venkatachalam et
al. 2023; Kim et al. 2024). While groups such as
Proteobacteria and Bacteroidetes are widespread
in aquatic environments due to their wide
metabolic capacity, members of Verrucomicrobiota
and Actinobacteriota are respectively involved in
the degradation of polysaccharides and organic
pollutants, suggesting their role in the breakdown
of organic compounds resulting from glacier runoff
processes. The distribution of bacterial taxa could
change locally, on the base of the geographical
position, or also along the water column depending
on the depth. Han et al. (2022) underlined the
influence of water mass balance on the bacterial
community composition with a distribution in which

Alphaproteobacteria and Actinobacteria gradually
decreased from surface water (in this case relatively
cold and fresh) to subsurface water (warmer and
with higher salinity) via intermediate water, while
Verrucomicrobiae and Acidimicrobiia were less
abundant in surface water than in intermediate and
subsurface water.

Clear seasonal shifts in the microbial community
composition at order level were detected in
the Isfjorden system, with Verrucomicrobiae
predominating in August, and Gammaproteobacteria
represented by Oceanospirillales and
Alteromonadales in June, and Cellvibrionales in
August. Similarly, Flavobacteriales in June were
represented by the genera Polaribacter, Formosa and
NS5 marine group, while in August Ulvibacter spp.
were more abundant (Delpech et al. 2021). At the
glacier-seawater interface of the Blomstrandbreen
glacier, new insights on the diversity of the
microbial community were also obtained using an
Unmanned Autonomous Vehicle (AUV) by Papale
et al. (2023), who identified three main sub-regions
differently affected by the haline gradient (close
to the glacier) or terrigenous inputs of coastal
origin. Across the sampled transects, different
patterns of microbial abundance and metabolism
were observed, highlighting the influence of ice
melting and Atlantic water on microbial growth and
functions. The archaeal community in the water was
investigated less than the bacterial assemblage, but
some specific groups, namely Thermoplasmatota,
Thaumarchaeota, Nanoarchaeota and Halobacterota
were observed to predominate in the surface
waters of Kongsfjorden (Zeng et al. 2009; Liu et al.
2018; Jain and Krishnan 2021). Substantial effort
also went into studying specific bacterial fractions
in seawater, such as diazotroph bacteria. Biological
nitrogen fixation is a key source of fixed nitrogen in
oligotrophic marine environments, playing a crucial
role in supporting primary production and sustaining
the nitrogen balance. The majority of the nifH gene
sequences obtained by Jabir et al. (2023) belong
to phylum Proteobacteria (88.9%), Cyanobacteria,
Verrucomicrobiae, and Euryarchaeota, suggesting
predominance of non-cyanobacterial diazotrophs
in Kongsfjorden. The culturable bacterial diversity
was less studied, mainly explored in Kongsfjorden,
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where the community composition and function
were studied in different months and related to
the changes in the water masses. Among the
heterotrophic bacteria, Firmicutes, Actinobacteria,
Proteobacteria, and Bacteroidetes were the
predominant taxa retrieved, with representation of
the genera Leeuwenhoekiella aequorea, Sphingopyxis
baekryungensis, Erythrobacter citreus, Agrococcus
baldri, Psychrobacter nivimaris, and Bacillus subtilis
(Sinha et al. 20174, b).

MARINE SEDIMENTS - Sediments in the Arctic
host diverse microbial communities playing a
pivotal role in the remineralisation of organic
matter and associated biogeochemical cycles
(Canion et al. 2013; Tait et al. 2014; Vipindas et
al. 2020; Flieder et al. 2021; Vishnupriya et al.
2023; Miksch et al. 2021, 2024). This finding is in
line with data reported by Teske et al. (2011) who
compared the organic matter degradation capability
of microbial communities in seawater and sediment
by measuring the extracellular enzymatic hydrolysis
rates of 10 substrates, and demonstrated broader
enzymatic capabilities of microbial populations
inhabiting sediments. Even if the benthic bacterial
community structure is seasonally stable (Miksch
et al. 2021), they can respond to the seasonally
changing input of fresh organic matter (Miksch et
al. 2024). Similarly, studies have demonstrated the
potential of culturable bacteria representing phyla
Actinobacteria, Bacteroidetes, and Proteobacteria to
produce cold-active enzymes like amylase, lipase,
caseinase, urease, gelatinase, and DNase as well
as complex polysaccharide degrading enzymes
like alginase, pectinase amylase and xylanase
isolated from Kongsfjorden (Prasad et al. 2014;
Jain and Krishnan 2017). Proteobacteria and
Bacteroidetes, together with Epsilonbacteraeota,
Alphaproteobacteria and Fusobacteriia dominate
the overall bacterial community (Ravenschlag et al.
2001; Tian et al. 2009; Conte et al. 2018; Zeng
et al. 2017; Thomas et al. 2021). The occurrence
of Verrucomicrobia, Actinobacteria, Chloroflexi and
Lentisphaerae was also highlighted, suggesting
a strong sensitivity of microbiomes to changes
in location depth, temperature and salinity. The
influence of the glacial activity in the inner fjord
was also pointed out, by suggesting a need for
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validation over long-term timescales in the future
(Fang et al. 2019). According to Conte et al.
(2018), the bacterial community structure can be
likely influenced by the glacial activity in the inner
Kongsfijorden, with the occurrence of distinctive
phylotypes belonging to Gemmatimonadates,
Nitrospirae, Acidobacteria, and Chloroflexi. Archaeal
sequences are generally less represented (below
1% of total sequences) and mostly related to
Thaumarchaeota (Zeng et al. 2017). Flieder et al.
(2021) investigated the metabolic potential of
uncultured Acidobacteriota lineages, together with
their diversity and distributions. Metagenome-
assembled genomes (MAGs) from Acidobacteriota
occurring in marine fjord sediments of Svalbard
revealed their ability to dissimilate various inorganic
sulphur compounds, thus being involved in sulphur
cycling.

2.4. Freshwater environments

The river—lake systems in the Arctic are peculiar
environments strongly affected by the sources
of water supply, which involve the transport
of chemical compounds and microorganisms
originating from the airborne pool, glaciers, sea
aerosols and permafrost thaw (Kosek et al. 2019).
Early studies in freshwater systems were focused
on the estimation of bacterial abundance, in
correlation with mixotrophy and microbial plankton
dynamics (Laybourn-Parry and Marshall 2003).
Overall, these environments are characterised
by low bioavailability of the nutrients needed
for bacterial growth, which is often altered by
seasonal changes, thus requiring the development
of various ecological tactics to survive. Even though
such environments are considered oligotrophic, in
some cases a very diverse bacterial community
was detected. Shifts in the taxonomic composition
of the bacterial community were recorded in the
Revelva system (southern Spitsbergen) in relation to
the biogeochemical changes that occur seasonally
with the switching water sources. Interestingly, such
communities could host both typically freshwater
and marine microorganisms, mainly affiliated with
specific taxa with roles in mineralization processes
or associated with zooplankton (Ntougias et
al. 2016). Despite the recognised dominance
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of Proteobacteria, Actinobacteria, Bacteroidetes,
Planctomycetes and Firmicutes (Ntougias et al.
2016; Kosek et al. 2019), the occurrence of some
taxa rarely detected in polar environments was
reported, namely the Microgenomates, retrieved
in Fuglebekken Lake and Revvatnet lake (southern
Svalbard); Microgenomates have been suggested
to be involved in biogeochemical cycles in polar
habitats (Ntougias et al. 2016). The rapid increase
in temperature in the Arctic will strongly affect
these river systems, as more precipitation in the
form of rain events and more meltwater from
thawing permafrost and glaciers will increase the
water supply.

2.5. Atmosphere

The atmosphere is still one of the least understood
of the global microbial ecosystems and this is
particularly true for the Arctic, due to the remote
location, extreme and highly variable conditions
and particularly the technical challenges
involved in acquiring representative samples at
appropriate spatial and temporal scales. What is
clear is that microorganisms have huge potential
as key indicators due to their sheer numbers
and response times. There is probably a core
microbiome, composed of core Arctic members

and cosmopolitan species and we know that they
are active in climate processes and can potentially
play important functional roles. The basic research
challenges are high levels of microbial variability
(across spatial and temporal scales), low biomass,
multiple and diverse drivers and low match quality
(much of the DNA sequence information is from
hitherto unidentified species). Work to date in
this area, specifically in Svalbard, is still relatively
limited, although there has been a marked increase
in interest recently, partly due to the molecular
revolution and particularly as technical challenges
are being overcome. The biodiversity patterns
in Arctic air were investigated using molecular
techniques in the Canadian High Arctic (Harding et
al. 2011), and in Svalbard (Cuthbertson et al. 2017).
Single-particle fluorescence spectroscopy and
electron microscopy have been used to identify and
quantify primary biological aerosol particles (PBAP)
at Zeppelin Observatory, revealing that PBAP
concentrations peak in summer. Moreover, they
are strongly correlated with regional environmental
factors (such as temperature and surface albedo),
suggesting that the aerosol microphysical properties
and cloud residual properties should be studied to
cover the full aerosol life cycle (Pereira Freitas et al.
2023, 2024).

3. Bacterial antibiotic resistance and spread of pathogenic bacteria

The most appropriate string was set as (("Svalbard"
AND ("bacteri*" OR "fung*" OR "microalg*") AND
"antibiotic" AND ("resistance" OR "tolerance"))),
leading to a total of 22 and 16 items from Scopus
and the Web of Science, respectively. The issue
of the presence and spread of AR in the Arctic
regions has acquired alarming connotations in
recent decades in the light of climate change and
global warming. AMR is spreading rapidly and poses
a serious global threat to human health and it has
been described by the World Health Organization
(WHO) as one of the top global public health and
development threats. This situation might be due
to the rapid spread of resistance genes through
mutation or horizontal gene transfer within microbial

populations, or even across different species, and
to the overuse and misuse of antibiotics by humans
(Holmes et al. 2016; Christaki et al. 2020; Samreen
et al. 2021). The occurrence of multidrug-resistant
bacteria is also a major threat in healthcare settings,
especially for immunocompromised individuals.
Despite the profound importance of the question
for human health, the potential environmental
reservoirs of AR in the Arctic are still poorly
understood (Allen et al. 2010). It has been shown
that AR occurs not only in polluted environments,
but also in pristine cold environments. This could
be due to some AR microorganisms that are able
to survive under freeze-thaw stress conditions
being released through the accelerated melting
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Figure 2: Maps showing locations and environmental compartments where bacterial antibiotic resistance has been

detected in Svalbard.

process, and incursion of warm water currents
bringing prokaryotes of tropical origin to the
Arctic region. The role of migratory birds and
wildlife is also important in the AMR spreading
processes. A concerted effort is currently required
to deepen investigations on the spread of AR in
non-agricultural and non-clinical environments
(Allen et al. 2010). Coordinated global efforts
to combat antibiotic resistance—through better
stewardship, research into new treatments, and
improved infection prevention—are necessary to
avoid a "post-antibiotic era" where many common
infections and medical procedures become high-
risk due to a lack of effective treatments. In this
context, the definition of breakpoints for polar
microorganisms (i.e., systems for categorising
microorganisms as susceptible or intermediate (S
and |) or resistant (R)) to agents approved for use
in the treatment of infectious diseases, is strongly
suggested.

Currently available studies on AR in the Svalbard
area are split between research conducted through

a culture-based approach, through innovative
sequencing techniques, and studies that use a
combined approach, as detailed below. Several
studies are also available on the search for
antibiotic-resistant bacteria (ARB) and/or ARGs in
faecal samples from Arctic animals to determine if
and to what extent these may be carriers for AR
dispersal.

Figure 2 shows AR occurrence in microorganisms
collected from different parts of Svalbard and
in different environmental compartments. The
process of retrieval and harmonisation of reported
data carried out for this chapter was difficult due to
the differences in the methods used in the studies
and the non-harmonised presentation of results.
Different antibiotics at different concentrations
have been used for antibiotic susceptibility tests
performed on bacterial strains isolated from
several matrices. Most of the studies to isolate
ARB or search for ARGs have focused on soils or
sediments, followed by water and cryomatrices.
Antibiotic-resistance is a common trait in
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bacterial strains isolated from Kongsfiorden and
Krossfijorden sediments; resistance to ceftazidime
(45% of the total), followed by trimethoprim and
sulphamethizole (27 and 24%, respectively),
has been reported (Vishnupriya et al. 2024).
Antibiotic residuals present in sediments may
directly influence the structure of natural microbial
communities, often causing a reduction in microbial
biodiversity or functional stability (Grenni et al.
2018). The susceptibility/resistance of about 235
bacterial isolates from different matrices was
tested overall on a total of 60 antibiotics from
different categories combined (see Table A2 in
digital appendix; Konieczna et al. 2011; AmbroZic¢
Avgustin et al. 2013; Mechirackal Balan et al. 2018;
Neethu et al. 2015; Singh et al. 2014, 2017; Hatha
et al. 2015; Mogrovejo et al. 2020b; Kalinowska et
al. 2021; Kang et al. 2022). Of the wide range of

bacterial taxa screened, the most numerous tested
strains were affiliated with the genera Arthrobacter
and Pseudomonas, followed by Cryobacterium and
Enterococcus.

Pseudomonas spp. of various origins are known for
their wide antimicrobial resistance pattern, also
due to the presence of protective capsules which
reduce the concentration of antimicrobials reaching
the cells, and of efflux pumps contributing to the
development of a multidrug resistance phenotype
(Mogrovejo et al., 2020b). The antibiotics for which
a large number of resistant bacteria have been
detected are oxacillin, ampicillin, erythromycin,
cephixime, clidamycine, and cephmedazole
(Figure 3). A recent study on the topic reported
the antibiotic resistance pattern of bacterial
strains isolated from different fjords in Svalbard

Vancomy‘? r:n acn
i o
Trimethoprim Amoxycumnpic““n
Tobramycin Apramycin
Ticarcillin Azitromyein
Tetracycline Aztreonam
Teicoplanin 100 Carbenicillin
Sulphamethizole Cefaclor
Streptomycin = Cefazolin
Rifampicin Cephalothin
Polymyxin-B Cephixime
Piperacillin + Tazobactam Cefmetazole
Piperacillin Cefpodoxime
Penicillin G Cefoperazone
Oxacillin Cefotaxime
Ofloxacin Cefoxitin
Novobiocin Ceftazidime
MNorfloxacin NX10 Ceftriaxone CTR30
Nitrofurantoin Cefuroxime
Netillin Cephalothin
Nalidixic acid Chloramphenicol
Moxifloxacin Cinoxacin
Methicillin Ciprofloxacin
Meropenem Clidamycin
Lomefloxacin Colistin
Linezolid b tCc»-Trjmo)(azole
Lincomygin aptomycin
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Figure 3: Bacterial antibiotic resistance: number of bacteria found to be resistant to specific tested antibiotics.
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(Caruso et al. 2024). On a panel of 66 isolates
phenotypically characterised as Pseudomonas spp.,
P. putrefaciens, Vibrio spp. and Flavobacterium spp.,
resistance to enrofloxacin and tetracycline was
detected, while most of the strains were sensitive
to ampicillin, clindamycin and gentamycin. In terms
of geographical distribution of AR-bacteria in
Svalbard, the highest abundance of tetracycline-
resistant strains was observed in the central area,
particularly in Adventfjorden (100% of the total
isolates), followed by Dicksonfjorden (80%) and
Sassenfijorden (60%), while multi-resistance to all of
the tested antibiotics was detected in the bacterial
strains isolated from the Hornsund sediments (data
not inserted in the Table A2). In recent decades, with
the availability of advanced molecular technologies,
some studies detected ARGs in the genomes of
culturable bacteria and class 1 integron-integrase
gene (intl1) in the metagenome of samples taken
from cryoconite and ice (Makowska et al. 2020).
Integrons consist of an integrase gene capable
of capturing gene cassettes coding mostly for
antibiotic resistance in clinically relevant bacteria,
but also for other functions (transport proteins,
esterases, phosphatases, transposases, and
proteins of unknown function) (Stalder et al. 2012).
Among the classes of integrons, class 1 is the most
ubiguitous in human-associated bacteria and is
responsible for the spread of AR and virulence,
and also plays a crucial role in bacterial adaptation
to cold environmental conditions (Cambray et
al. 2010). In cryoconite samples collected from
Longyearbreen, and vielding a total of 69 bacterial
isolates, Makowska et al. (2020) reported that
16 were glycopeptide-resistant, followed by 10
tetracycline-, 4 fluoroquinolone-, and 39 B-lactam-
resistant. Moreover, 22 strains were positive for the
intl1 integron-integrase gene. The presence of class
1 integron-integrase gene was also detected in the
metagenomes, with genes conferring resistance to
B-lactams, fluorogquinolones and chloramphenicol.
Similar results were reported by Xue et al. (2020)
in Svalbard permafrost soil samples, and by Zhang
et al. (2022) in seawater and sediments collected
from Kongsfjorden. In the Zhang study, peptide and
multidrug resistance genes were most abundant
in seawater, while rifamycin and beta-lactam
resistance genes were the two most abundant ARG
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types in the sediment samples. A similar approach
was applied to samples of ice, water and sediments
collected in the most populated area of Svalbard,
Longyearbyen (Makowska-Zawierucha et al. 2022).
The average frequency of the integron-positive
heterotrophic isolates ranged from 2.4% in sediment
to 11.2% in water of the Adventfjorden seashore,
while no class 2 or 3 integrons were detected. Of
a total of 837 strains including heterotrophic and
sulfamethoxazole-resistant bacteria, 48 showed
the presence of class 1 integrons (in decrescent
range from wastewater outflow, water and
sediment of the Longyearelva, Larsbreen ice core
and sediment of the Adventfjorden). Conversely,
water samples collected from Adventfjorden and
Isfjorden did not contain bacteria with intl1 gene.
Among intl1-positive isolates a high percentage
were multidrug resistant strains, all of which
showed resistance to sulfamethoxazole, and a
high percentage resistant to tobramycin and
chloramphenicol. The highest relative abundances
of the intl1 genes were observed in the wastewater
outflow (88.0%), and the lowest ones in the
water of Isfjorden (2.4%), while the occurrence
of intll (7.1%) in the metagenome of ice samples
collected from Longyearbreen was higher than in
those from Larsbreen (4.1%). These observations
suggest different interplays between natural
and human forcings in shaping the polar aquatic
resistome and emphasise the possible pathway for
spread of integrons from glacial environments to
proglacial river and municipal sewage to the marine
environment, representing a serious threat for
animal and human health (Makowska-Zawierucha
et al. 2022). The role of anthropogenic inputs in
the spread of AR was underlined by analysis of
soil clusters in the Kongsfjorden, where high-
throughput quantitative PCR detected 131 ARGs,
predominantly associated with aminoglycosides
(33%), multidrug defence systems (e.g., efflux
pump systems; 30%), Macrolide-Lincosamide-
Streptogramin B (MLSBs, 16%), and B-lactams (8%)
(McCann et al. 2019). The most abundant ARGs
in all samples were aac(3)-VI, typically related to
gentamicin and sisomicin resistance (Rather et
al. 1993), and the acrA and bla., genes, often
associated with B-lactam resistance in E. coli and
Klebsiella (Ma et al. 1995). Interestingly, the study
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conducted by McCann et al. (2019) detected also
the bla, .., , gene cluster (coding for Delhi metallo-
B-lactamase-1 protein, first reported in India in
2008), found for the first time in the High Arctic
samples collected in 2013, less than three years
after the first detection of bla, ., , in surface seeps
in urban India (Walsh et al. 2011). This finding
draws attention to the implications for human
health of global and rapid spread of ARGs around
the world, and highlights the need for long-term

monitoring programmes.

An interesting study was focused on the search of
specific genes and integrons in plasmidomes from
Svalbard. Plasmids are bacterial genetic elements
that can move within genomes or between
bacterial cells, and thus play an important role in
the dissemination of ARGs between and across the
species. Virulence genes and ARGs were dominant
in glacial ice, thus confirming the hypothesis of
glacial ice as a repository of potentially pathogenic
strains (Makowska-Zawierucha et al. 2024). Recent
data obtained from molecular techniques show
how these modern approaches can be applied
successfully to estimate human influence, possible
consequences of climate change phenomena, and
enable predictive assessments in the context of
evolutionary processes.

Studies carried out to investigate the role of animals
as carriers of AR bacteria and ARG in the Svalbard
area are limited to some species, i.e., the Arctic
tern (Sterna paradisaea) (Prakash et al. 2022), little
auks (Alle alle), glaucous gulls (Larus hyperboreus)
(Literak et al. 2014), wild reindeer (Rangifer tarandus
platyrhynchus) (Sunde et al. 2021), and polar bear
(Ursus maritimus) (Glad et al. 2010). All studies
retrieved AR strains and noted presence of genes
encoding for resistance to several antibiotics,
i.e., ampicillin, sulfonamides, streptomycin and
trimethoprim. In cloacal swabs from little auks and
faeces of glaucous gulls a novel variant of ACT
AmpC beta-lactamase gene was found (Literak et
al. 2014). These investigations highlighted the role
of both migratory and non-migratory animals in the
dissemination of multidrug resistant bacteria.

The string ("Svalbard" AND "microorganisms" AND

"pathogen™") retrieved a total of 11 and 6 items
from Scopus and the Web of Science on microbial
pathogens in the Svalbard region. Very few data
are available in literature regarding the occurrence
and distribution of pathogen species in Svalbard.
Particularly, bacterial phenotypes commonly
associated with pathogenicity, such as haemolytic
activity, have rarely been reported. To fill this
knowledge gap, Mogrovejo-Arias et al. (2020a)
examined for potentially pathogenic bacteria
samples from different matrices of Spitsbergen in
summer 2017. A total of 78 genetically diverse
isolates affiliated with 37 different genera were
obtained and their haemolytic activity was
assessed. Most of the isolates (55/78) were
retrieved from soil and sediments, while few
isolates were detected in seawater (12/78), snow
(6/78), melt water (4/78), and pond water (1/78).
The strains belonged to the phyla Actinobacteria
and Firmicutes (32 and 28 isolates, respectively),
followed by Proteobacteria (15), and Bacteroidetes
(3). The most abundant genera were Arthrobacter
(Actinobacteria), Bacillus (Firmicutes) Pseudomonas
(Proteobacteria), Pedobacter, Flavobacterium, and
Algoriphagus (Bacteroidetes). Haemolytic activity
(alpha-and beta haemolysis) was observed
in 32 out of 78 isolates. Possession of genes
conferring haemolytic capability was interpreted
as a competitive advantage favouring nutrient
acquisition, but the presence of haemolytic bacteria
in Arctic environments highlights the possible risks
associated with these microorganisms in relation to
climate warming. Warming temperatures in polar
areas will likely favour the expansion of human
settlements and, consequently, human-associated
pathogens (Gitay et al. 2002; Revich et al. 2012).
This finding underlines the increasing potential risks
associated with the spread of virulent bacteria to
new habitats (Harding et al. 2011), lack of natural
barriers such as permafrost and glaciers (Park et
al. 2011; Underwood 2014), increased animal
migrations (Allen et al. 2010) and human pressure
(Vayssier-Taussat et al. 2014; Edwards 2015).

While on the topic of potential pathogens in
Arctic environments, some valuable scientific
contributions on fungal species deserve brief
mention. Searching for pathogenic fungi, Perini
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et al. (2019) isolated a total of 320 species from
pristine Arctic locations in Greenland and Svalbard.
Fungal isolates were screened for the expression
of properties generally associated with pathogenic
species, such as the ability to grow at 37°C and
haemolytic activity, and for their susceptibility
to antifungal compounds. Emerging pathogens
were identified as Aureobasidium melanogenum,
Naganishia albida, and Rhodotorula mucillaginosa.
All were able to grow at 37°C and showed
beta-haemolytic activity; resistance to azoles
and echinocandins as antifungal agents was
observed. Isolates of N. albida and Penicillium spp.
were scarcely susceptible to voriconazole, while
Glaciozyma watsonii and Glaciozyma-related taxa
to fluconazole. The results of this study stressed
how the identification of virulence-associated
phenotypes in Arctic fungi could assume critical
importance, especially in light of climate change
and the increased spread of opportunistic mycoses
related to these antimycotic-resistant fungal
species. Habitat was found to significantly affect
the fungal assemblages at a local scale, with
occurrence of 19 fungal guilds (e.g., lichenized,
ectomycorrhizal) and 6 growth forms (e.g., yeast,
thallus photosynthetic). Thirty-one potentially
pathogenic fungal species were also isolated. In
relation to climate change and increasing pollution
levels in the Arctic, the prevalence and diversity
of fungi that colonise live organisms are expected
to increase. Pathogenic yeasts were detected in
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the cloaca and throat of the little auk (A. alle), a
keystone seabird species in the Arctic ecosystem,
in a breeding colony in Magdalenefjorden in
2009 (Dynowska et al. 2013). Twelve species of
yeast from eight genera were found in 12% of the
samples. Dipodascus was the most prevalent genus.
The presence of yeast was related to the age of
the birds, with adults more colonised by yeasts
than the nestlings. The relatively low prevalence
and diversity of yeast in little auks suggest that
these birds are random carriers of fungi, with minor
health impacts.

Also insects and the pathogens they may carry
can proliferate due to temperature increase. Adult
lice from Arctic foxes from Nunavut and Svalbard
were analysed by PCR targeting the mitochondrial
cytochrome c oxidase subunit 1 gene (cox1) (Buhler
et al. 2023). Total similarity between Canadian and
Svalbard samples was observed, suggesting genetic
exchange between ectoparasites on Scandinavian
and North American Arctic fox populations. PCR
targeting the gltA gene for Bartonella spp. amplified
DNA from an unknown gammaproteobacterium
from two pooled louse samples collected from
Svalbard foxes. The amplified sequences were
100% identical to each other but showed 78%
similarity to Proteus mirabilis from GenBank
(CP0O53614), suggesting that lice on Arctic foxes
may carry unique and previously undescribed
microorganisms.

4. Chemical pollution in Svalbard and its effects on microbial

communities

The Svalbard archipelago is experiencing the
impacts of an increased anthropogenic pressure
(AMAP 2011; Pouch and Zaborska 2015, 2021).
In the fast-changing Arctic, the effects of climate
change add to those of pollution by increasing
discharges, providing additional transport
pathways, and enhancing the potential ecological
consequences.

The main sources, distribution and fate of inorganic
contaminants have recently been reviewed

(Rudnicka-Kepa and Zaborska 2021). The main
categories of pollutants detected in Svalbard
include legacy compounds, e.g., heavy metals (Pb,
As, Cd, Hg), radionuclides (**’Cs, Pu), polycyclic
aromatic hydrocarbons (PAHSs), polychlorinated
biphenyls (PCBs), dioxins deriving mostly from
the combustion of petroleum compounds (Lin
et al. 2022); as well as emerging pollutants, e.g.,
pharmaceutical residues and personal care products
(PPCPs) (Pouch et al., 2017). Recently, microplastics
were identified as a rapidly emerging pollutant in
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this vulnerable region (Bergmann et al. 2022).

Most pollutants arrive in Svalbard after long-range
transport: atmospheric circulation, marine currents,
sea ice transport (Macdonald et al. 2005). The
contaminant concentrations are often higher at fjord
entrances, suggesting important role of oceanic
transport (Bazzano et al. 2014). In the marine
environment they accumulate in Arctic biota and
then are transported along food web components
(Hop et al. 2001). The bioaccumulation and transfer
of organic pollutants in the Arctic macro-benthic
food web has recently been documented (Pouch et
al. 2023; Sokolowski et al. 2024).

Svalbard also receives pollutants from local sources,
e.g. past and present coal mining (Van den Heuvel-
Greve et al. 2016; Granberg et al. 2017). Other
human activities that increase Svalbard pollution
are local settlements, harbours and increasing
tourism. Large cruise ships have been identified as
an important source of pollution in Kongsfjorden
(Eckhardt et al. 2013). Moreover, Adventfjorden
still receives untreated sewage (Kalinowska et al.
2020). Tourist activity can thus be an important
source of pharmaceutical and PPCP residues as
well as caffeine. Pharmaceutical residues were
found to be introduced mainly by untreated sewage
in Kongsfiorden (Choi et al. 2020) and Isfiorden
(Korkmaz et al. 2022). Many pharmaceuticals in
Kongsfjorden (carbamazepine, diclofenac, caffeine,
paracetamol, ciprofloxacin and tetracycline) have
been found to effectively accumulate in tissues
of biota while some others (e.g. citalopram) have
indicated biomagnification potential (Sokolowski et
al. 2024). Antibiotic residues have recently been

found in Kongsfjorden sediments (with ciprofloxacin
mean concentrations of 365 + 289 ng/g of dry
matter, Rauseo et al. 2024).

Pollutants can affect the taxonomic and functional
diversity of microbial communities (Cappello et
al. 2023). At the abandoned coal waste piles that
can be found especially in Bjgrndalen and close
to Longyearbyen, highly soluble iron and heavy
metals stimulate the growth of algae-dominated
microbial mats with a typical acid mine drainage
microflora consisting of iron-oxidising bacteria
(Acidithiobacillus ferrivorans, Actinobacteria and
Acidobacteria). This contrasts with another
community that is not structured into microbial
mats, populating large deposits of secondary
minerals, where Saccharibacteria and Gallionellaceae
dominated (Garcia-Moyano et al. 2015). Microbial
variables (abundance, diversity, metabolism) are
responsive to pollutants, and microbes can serve
as potential sentinels of contamination (Garcia-
Lopez et al. 2022). Microorganisms can enhance
the degradation of organic pollutants present in
the environment. Microbial biodegradation refers
to the process where microorganisms use specific
enzymes to break down organic substances (also
pollutants) to obtain energy. Biodegradation of
pollutants depends on environmental conditions,
e.g., temperature, pH, sunlight, and oxygen
presence. Due to unfavourable conditions the
biodegradation process is less effective in the
Arctic. The presence of heavy metals at levels toxic
for microorganisms can limit the biodegradation
process; to deal with this problem some
microorganisms developed resistance to metals
(Diaz et al. 2004; Olaniran et al. 2013).

5. Microbial communities under climate change scenarios

Temperatures are rising in the Arctic more than
twice as rapidly as in the rest of the world. Svalbard
is therefore exposed to severe effects of climate
changes (e.g., reduction of glacier thickness, glacier
retreat, thawing permafrost, rain on snow events
and extreme weather conditions). In addition, large-
scale changes that include increased variability of

the strength and directions of global air and ocean
circulation can impact microorganism transport
pathways. Two major monitoring programmes
are carried out in Svalbard. MOSJ (Environmental
Monitoring of Svalbard and Jan Mayen) is part
of the Norwegian Government’s environmental
monitoring. It concerns climate, pollution, fishery
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and biota. Several animal groups are taken
into consideration - birds, mammals, fish and
zooplankton - but not microbial communities. The
Arctic Monitoring and Assessment Programme
conducted by the Arctic Council assesses the status
of the Arctic region with respect to pollution and
climate change issues; however, like MOSJ, it does
not deal with microbial communities.

The ongoing glacial retreat and permafrost thaw
has many implications of importance to human
society such as exacerbating climate change.
The effect of climate change in Svalbard and
its correlations with microbial communities is
treated from multiple perspectives, but still
largely understudied. Some bacterial clades with
significant positive or negative correlations with
temperature or salinity are suggested to be used
to monitor the effects of changes in climate. Sinha
et al. (2017b) were first to report the occurrence
of the cultivable Halomonas titanicae strain in
Kongsfijorden water. The higher abundance of this
isolate in the August/September season, is possibly
due to the higher intrusion of Atlantic water into
Kongsfjorden. Another important issue is the risk
related to melting and the consequent release
of potentially dangerous bacterial species. As an
example (mentioned above), Mogrovejo-Arias et
al. (2020a) reported the presence of haemolytic
bacteria in several Svalbard habitats, underlining the
risks associated with these microorganisms in the
event of habitat melting/destruction, ecosystem
transition, and re-colonisation. Previous studies on

REVIEW

Arctic environments outside Svalbard have shown
that melting permafrost was cause of an anthrax
outbreak in Siberia (Ezhova et al. 2021). Similarly,
it has been reported that ancient nematodes
(Shatilovich et al. 2023) and viruses (Legendre
et al. 2015) from permafrost are viable. Due to
climate change, the migration patterns of species
change. Several species that have been localised in
more temperate areas are now migrating towards
regions that were previously colder. These species
can potentially also bring along their pathogens.
This means that we have new pools of organisms
and genes that will diversify and establish new
relationships in the years to come. The thawing
Arctic region is at risk of giving rise to a new virus or
bacterial pandemic, and scientific collaboration to
monitor these pathogens should be prioritised. The
COVID-19 pandemic powerfully demonstrated the
importance of international scientific cooperation
in addressing a serious threat to both human health
and modern society as we know it.

The available data emphasise the risks that melting
of glaciers and permafrost might lead to emergence
of a new superbug under a climate change scenario
in Svalbard. Melting permafrost affects microbial
diversity and functions. Studies have shown that
increasing temperatures and melting permafrost
are related to higher diversity and activity of
methanogens (Hgj et al. 2008; Mackelprang et al.,
2011; de Groot et al., 2024). However, the extent
of this impact on the total metabolic potential of
the microbiota is largely understudied.

6. Contributions to interdisciplinarity

A holistic approach integrating microbial research
into topics related to biosphere, cryosphere,
atmosphere and hydrosphere is strongly
recommended. Establishing a long-term microbial
monitoring station would be extremely important.
By analysing community changes in the past,
we can predict and gain information on possible
effects and changes in the future. Therefore, time
series are important, especially in the Arctic where
the consequences of climate change will become

manifest sooner. Data on chemical pollution could
help elucidate ecotoxicological effects on microbial
communities, crucial knowledge for effective
environmental management and conservation
strategies. Similarly, the microbiological parameters
could be used as indicators of environmental
changes, stressful conditions, and ecological
dynamics. Microbiology influences and is influenced
by parameters in many other spheres of the Earth
System. This is clear from the many links between
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this chapter and other chapters in this issue of the
SESS report.

AAA-Source (Becagli et al. 2025) - Aerosols could
be vehicles for sporigenic and pathogen species,
thus spreading potentially dangerous species.
Bacterial cells present in the atmosphere act as
effective nucleation sites, becoming incorporated
into ice and snow crystals as they form. Bacteria
could thus be studied for their influence on
meteorological events.

ARIS (Bensi et al. 2025) - Collaboration
with scientists studying hydrology is strongly
encouraged, as this would facilitate accurate
interpretation of microbial dynamics in relation
to water mass properties and assessment of how
microbial communities are modulated in response
to ongoing changes (e.g., Atlantification). The
water mass balance shapes the hydrography
of Arctic fjords and affects the adaptability of
microorganisms.

SvalSurge (Harcourt et al. 2025) - Microbial
communities in glaciers could include indicator
species - potential sentinels for the exchange
of bacteria between glaciers and downstream
seawaters, and the effects on the fjord and
marine ecosystems. Mass balance of Svalbard
glaciers could be used as predictive tool for the
release of sporigenic and/or antibiotic-resistant
microorganisms.

SvalGaSess (Hodson et al. 2025) - The ecological
dynamics of methane could be correlated with
microbial taxa involved in the methane cycle.
Microbial communities in permafrost play key roles
in carbon cycle processes including methanogenesis
and methanotrophy.

SvalGeol (Senger et al. 2025) - Geochemical
variables could influence or be influenced by
microbial communities.

AWARE (Spolaor et al. 2025) - The occurrence
of warm events could determine the occurrence
of shifts in terrestrial and aquatic microbial
communities, by inducing changes in the

ecosystems. Moreover, release of sporigenic and
pathogenic microorganisms may be induced by
global warming and melting processes.

STAFIEN (Coulson et al. 2025) - Terrestrial
invertebrate microbiomes could be studied
as potential indicators of ecosystem health or
perturbation.

6.1. Unanswered questions

e What is the level of biodiversity loss in the
Arctic? Is it comparable to that in temperate
environments? And can current monitoring
systems provide this information?

e |s it possible to devise ecology restoration
strategies to apply in the Arctic (e.g.,
bioremediation of pollutants)?

e How can we define the role of microbial diversity
in carbon cycle processes and gas release in the
global warming scenario?

e How crucial is the role of cryospheric melting in
the release of old pathogens?

e How do microbial communities change in
relation to variability of Svalbard water masses
and circulation patterns following climate
change, and how do these communities respond
to the increasing pollution recently detected in
this area?

e How do microbial community structure and
metabolism vary among different Svalbard
regions? Is there a specific regional response?

e How might interactions between microbial
communities and invasive species alter
ecosystem processes in Svalbard, and what are
the potential long-term effects on biodiversity?

e To what extent do seasonal changes in
temperature and light cycles affect microbial
activity in Svalbard, and how might these
seasonal patterns alter with ongoing climate
change?

e How effective are current microbial monitoring
techniques in capturing transient or rare
microbial species in the Arctic, and what
advancements in technology or methodology
could improve our understanding of microbial
diversity and function?
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6.2. Recommendations for the future

e Microbial proxies. Define a clear set of microbial

variables to test for suitability as potential
sentinels of environmental changes in Svalbard
(for suggestions, see Table 1). Interaction
between scientific research, stakeholders
and local communities plays a critical role to
protect Svalbard environments, therefore the
involvement of local communities is critical to
develop policy guidelines and governance plans
to prevent risks from natural and anthropogenic
forcings acting in Svalbard.

Long-term monitoring programmes and
remediation measures. Complement existing
infrastructures (on land and at sea) with
technology systems to expand the long-term
data series into microbial ecology field. Long-
term monitoring of the structural and functional
diversity of microbial communities is currently
lacking. This prevents us from obtaining a
comprehensive picture of the current state of
Arctic environments and proposing provisional
models for microbial dynamics in a future
climate warming scenario. Proper wastewater
treatment must be set up to prevent the spread
of pollutants and antibiotic resistance via
wastewater effluents.

Implementation. Promote a spatially well-
distributed long-term microbial survey over
Spitsbergen, as previously suggested (Malard
2019). Expand studies to give broader
geographical and temporal coverage. Obtain
additional samples in key areas; encourage
studies in eastern Svalbard. Define key hotspot

REVIEW

regions for climate change observations. Use
high-throughput sequencing technologies,
single-cell genomics, and stable isotope probing
to better understand microbial adaptation and
function in extreme environments.
Interdisciplinarity. Integrate analysis of
environmental and microbial community
variables, as previously suggested (Sgreide et al.
2021). Efforts should be made to elucidate how
microbial communities interact with nutrient
cycles and greenhouse gas fluxes, and this
information should be integrated into large-
scale climate models to better predict future
environmental changes in the Arctic. Both
culture-dependent and culture-independent
methods are recommended to evaluate microbial
diversity, since each one can be affected by
biases. Intercalibration of analytical protocols is
necessary to get comparable data.
Harmonisation and Standardisation. Draft a
handbook of best practices for standardised
procedures and harmonise the presentation
of results on microbial variables (medium-
term objective) to overcome the problem of
fragmentary and non-homogeneous data. Define
breakpoints for the Arctic: breakpoints are used
in systems for categorising microorganisms
as susceptible or intermediate (S and I) and
resistant (R) to agents approved for use in the
treatment of infectious diseases. No breakpoint
tables for Minimum Inhibitory Concentration
or Zone Diameters have been established for
Arctic species, making it difficult to define their
resistance.
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Table 1: Suite of potential prokaryotic indicators proposed to assess the Good Environmental Status (GES) (modified from

Caruso et al. 2016b).

Parameter

Prokaryotic abundance

Abundance of pathogenic
bacteria

Enzymatic activities on
organic polymers (e.g.,
leucine aminopeptidase,
alkaline phosphatase,
beta-glucosidase)

Prokaryotic production
(PP)

Community respiration
(R)

Heavy-metal tolerant
bacteria

Hydrocarbon-degrading
bacteria

Carbon substrate
utilisation profiles

Live/Dead

ESBL-carrying and
Carbapenem resistant
Enterobactereceae

Presence of intl1
integron-integrase gene
mercury-resistance
operon

Chlorophyll monitoring

Multiple Antibiotic
Resistance (MAR)
indexing

Airborne microbial
communities

Prokaryotic diversity

Application

Basic assessment of
environmental status and of
organic enrichment

Faecal pollution monitoring

Basic assessment of
environmental status and of
organic enrichment

Basic assessment of
environmental status and of
organic enrichment

Basic assessment of
environmental status

Assessment of
environmental
contamination

Oil spills

Metabolic diversity

Physiological status of
bacteria

Pollution with clinically
important pathogens

Anthropogenic disturbance

Proxy of phytoplankton
biomass

Detection of resistance
pattern, diversity and
complexity of antibiotic
resistance

Diversity of airborne
microbial communities,
constituted by core Arctic
members and cosmopolitan
species

a and 8 diversity

Provided information

Indicator type (*)

Estimation of prokaryotic biomass from the S
balance between production and removal;
parameter related to water trophism

Level of anthropogenic pressures and risks to P
public and ecosystem health

Markers of the prokaryotic physiological S
diversity and efficiency in organic matter
decomposition. Indices of nutrient limitation

Prokaryotic biomass production S

Shows organic matter mineralisation rates that S
are related to ocean acidification and CO,
emission. Indicates whether aquatic systems

act as CO, sink or source

Markers of heavy metal contamination, P
correlation with the development of bacterial
antibiotic resistance

Markers of hydrocarbon contamination P

Information on the rate of utilisation of organic  S/P
compounds

Information on the degree of viability of S/P
prokaryotes in the environment

Public health implications P
Public health implications P
Assessment of the trophic condition of S
ecosystem

Ratio between the number of antibiotics to S/P
which the isolate is resistant and the number of
antibiotics to which the isolate was exposed

Effects and functional roles in climate S/P
processes

Assessment of diversity and richness values of ~ S/P

microbial communities

*S, Indicators of ecosystem "status"; P, indicators of anthropogenic “pressures”
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7. Data availability

Due to the large number of available data,
information is provided as digital appendix®, in
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1. Introduction

This chapter covers invertebrates, a group that
consists of a large and diverse range of taxa including
worms, water bears, springtails, mites, spiders,
insects and Crustacea of various types (Figure
1). The invertebrate community plays a central
role globally in many key terrestrial ecosystem
processes (Figure 2) such as decomposition,
nutrient cycling, energy flow, herbivory, pollination,
parasitism and as prey items (Losey and Vaughan
2006; Wagner 2020), and this is also believed
to be the case in the polar regions (Thomas et
al. 2008; Gillespie et al. 2020; Aronsson 2021).
In a generally still understudied Arctic, Svalbard
stands out as having over a century of terrestrial
biology research dating back to Summerhayes and
Elton (1923). Many invertebrate species were first
described from the archipelago (Seniczak et al.
2020) and Svalbard remains one of the benchmark
locations for the study and knowledge of Arctic
invertebrate biodiversity. While much remains to
be learnt about the terrestrial diversity of Svalbard’s
invertebrates and their precise ecosystem roles,
the levels of species endemism already apparent

REVIEW

(i.e., species only known from the archipelago)
further emphasise the great conservation value of
the archipelago in the context of key international
agreements such as the Convention on Biodiversity
(CBD 2024) and, hence, the need for its effective
and informed management.

Svalbard’s invertebrate fauna includes many taxa
and 1 091 recorded species (Coulson et al. 2024a,b).
The terrestrial and freshwater invertebrate fauna
of Scandinavia and Svalbard is of global interest
because it possibly has great geological age, for
instance with rotifers displaying distinct genetic
lineages suggesting their presence precedes the
Quaternary (> 2.58 mya) (Shain et al. 2024). Given
the general lack and widely inconsistent level of
detailed knowledge of terrestrial and freshwater
ecosystems across the Arctic, Svalbard also stands
out for its high potential both as an exemplar,
or sentinel, of research in Arctic environmental
change, and to provide a foundation to upscale
to the pan-Arctic (e.g., Bischoff et al. 2019;
Gillespie et al. 2020; Pedersen et al. 2021).

Figure 1: Examples of some invertebrate groups present in Svalbard; A=Diptera (mosquito) (P Hermansen), B=Trichoptera
(caddisfly) (SJ Coulson), C=Siphonaptera (flea) (SJ Coulson), D=Tardigrade (water bear) (K. Zawierucha), E=Oribatida (mite)

(SJ Coulson).
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With the very noticeable recent environmental
and climatic changes in the Arctic generally, and
Svalbard specifically (ACIA 2005; Pedersen et al.
2021), the role of invertebrates as bioindicators
becomes crucial in identifying and understanding
the responses and resilience of polar ecosystems.
However, despite their recognised importance
and the research already done in Svalbard, there
currently remains a disproportionate lack of
focus on invertebrate ecology compared to other
less diverse taxonomic groups. This deficiency
has not previously been considered in a State of
Environmental Science in Svalbard (SESS) report.
Society is demanding that researchers provide
information on biodiversity, ecosystem function
and the rapid changes that we are experiencing
to underpin adaptation to, and mitigation of, their
wide-ranging impacts. Nonetheless, the latest
Conservation of Arctic Flora and Fauna (CAFF)
status report and the evidence of trends in Arctic
terrestrial biodiversity that it describes (Aronsson et
al. 2021) clearly highlights the lack of information
concerning the terrestrial and freshwater
invertebrate fauna across the Arctic. In particular,
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Figure 2: Simplified conceptual model of the Focal Ecosystem Components (FECs) defined in the Arctic Terrestrial
Ecosystem Monitoring Plan (Christensen et al. 2013) and the State of the Arctic Terrestrial Biodiversity Report (Aronsson
et al. 2021), and processes mediated by more than 2 500 species of Arctic arthropods known from Greenland, Iceland,
Svalbard, and Jan Mayen (based on Aronsson et al. 2021).

the extreme paucity of studies providing repeated
information over time (time series data) is a striking
feature of invertebrate research in Svalbard. Further,
there is a lack of knowledge on species-specific
responses to both abiotic and biotic variables, as
well as on species interactions across invertebrate
taxa and with other species groups such as plants,
vertebrates and microorganisms. Anthropogenic
perturbations in Arctic regions are increasing, as for
example stressors such as pollution, introduction
of non-native species, infrastructure construction
and land use change. Research is desperately
needed to fill knowledge gaps before irreparable
damage prevents a complete understanding of
Svalbard’s unique invertebrate fauna. Without this
understanding it is difficult to fully comprehend
terrestrial and freshwater ecosystems, their
functioning, or project how they will respond to
ongoing environmental change.

This report sets out to (a) describe the current
state of knowledge of the terrestrial and freshwater
invertebrate fauna in Svalbard, (b) the role of
Svalbard in the Arctic as a wider region, and
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(c) identify key knowledge gaps, opportunities
and data requirements to provide the required
understanding, including (d) how the Svalbard
Integrated Arctic Earth Observing System

REVIEW

organisation (SIOS) might contribute to invertebrate
ecology, for example by facilitating novel sample
acquisition opportunities.

2. Overview of existing knowledge

The terrestrial and freshwater invertebrate diversity
of Svalbard is one of the best known for any region
in the Arctic (Coulson et al. 2014) and the recent
publication of a critically assessed species inventory
with 1 091 species is a significant advance (Coulson
et al. 20244, Table 1). Moreover, the resultant
inventory has been matched to molecular sequence
data currently available in the Barcode of Life Data
Systems (BOLD), revealing that approximately
51% of these species have NCBI GenBank entries
and providing a shortlist of 522 species to target
for DNA sequencing. New species are regularly
recorded from the archipelago, especially when
studies address the less-accessible eastern and
northern regions. For example, after only a brief
visit to Edgegya, Avila-Jimenez et al. (2019)
reported 140 invertebrate species belonging to 69
genera of which 16 were new records for Svalbard
and six were new to science. Given that the number
of publications featuring Svalbard invertebrates
has increased exponentially since the first records
in 1869, new findings are likely to occur more
frequently, including those of “invasive alien species”
- species for which anthropogenic assistance plays
a key role in arrival and establishment in Svalbard.
This is exemplified by Coulson (2015), who
surveyed the literature and identified 15 species
of terrestrial invertebrate considered to be recent
anthropogenic introductions. While no invertebrate
species are currently known to have spread beyond
synanthropic environments (i.e., settlements and
sites of direct human activity), many of the species
identified in the anthropogenic soils in Barentsburg
(Coulson et al. 2013) or Pyramiden (Coulson et
al. 2015) are known to be resident in both the
potential source regions (former Soviet Ukraine
and Svalbard). The possible impact of introduced
conspecifics on genetic diversity of native Svalbard
populations remains to be studied.

While knowledge of Svalbard species diversity
matches that of some other Arctic locations, such
as Greenland (Bgcher et al. 2015), and is more
advanced than many other locations (Gillespie et
al. 2020), a detailed inventory provides only one
perspective on invertebrate ecology. Far less is
known about geographical distributions, species
interactions, relative abundance, community and
age structure, population dynamics or trends and
the relative importance of different species to
ecosystem functions. It is clear that, in general, we
lack spatial and temporal data relating to different
invertebrate species. These aspects of invertebrate
ecology are vital to understanding the impacts of
environmental changes to invertebrate biodiversity
and the functions they perform (Aronsson et al.
2021). The knowledge gaps are partly due to the
challenges involved in accessing varied invertebrate
habitats in Svalbard, which result in knowledge of
many aspects of invertebrate ecology being heavily
skewed towards the west, particularly around
Longyearbyen and Ny-Alesund, and to certain
taxa (Figures 3, 4). For instance, while the oribatid
and mesostigmatid mite communities have been
recently reassessed based on new sampling and up
to date taxonomies (Seniczak and Seniczak 2020;
Seniczak et al. 2020; Coulson et al. 2024a), the
same cannot be said for other important taxa, such
as nematode or enchytraeid worms.

In addition to geographical bias, studies of Arctic
invertebrate ecology are commonly too limited
in time and space to generate high-quality,
generalisable information. For example, Gillespie
and Cooper (2022) provided the first study of
plant and insect pollinator interactions for Svalbard,
revealing tight links between flower visitation by
insects and the timing of snow melt. Nevertheless,
this study was restricted in scope due to limited
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Table 1: Species diversity in Svalbard. Number of species total = total number of valid species, synonyms removed; numbers
in bold font indicate the total number of species in the phylum; in italics the total number of species in the class; in normal

font the number of species in the sub-classes or orders.

Phylum Class Sub-class Order Total number of species
Rotifera 184
‘ Eurotatoria 184
Gastrotricha 50
- Chaetonotida 50
Nematoda 136
Adenophorea 4
S ———— Chromadorea 95
Enoplea 37
Platyhelminthes 29
Cestoda 23
\mw) Trematoda 6
Annelida 41
Oligochaeta 41
N
Tardigrada 99
* Heterotardigrada 17
Eutardigrada 82
Chelicerata 212
Arachnida 212
Acari 194
Araneae 18
Mandibulata 290
Collembola 67
m Insecta 223
Hemiptera 3
Thysanoptera 1
Phthiraptera 35
Coleoptera 16
Hymenoptera 33
Trichoptera 1
Lepidoptera 3
Siphonaptera 2
Diptera 129
Crustacea 50
Branchiopoda 16
Copepoda 20
Malacostraca 4
Ostracoda 10
Sum 1091

species identification ability, plot-level observations
which do not necessarily scale up to the broader
landscape, and covered only a single season and
location. Year-to-year and spatial variability may
impact both plant flowering and insect abundance:
future studies will require support to be broader
in scope (Gillespie et al. 2020). Many reports from
Svalbard, such as that of Avila-Jiménez et al. (2019)
referred to above, also represent a snapshot in

time, albeit identifying important results. Generally,
there is a lack of long-term data throughout the
Arctic with suitable spatial and habitat coverage
and species-level identifications, with the best
available currently being from Zackenberg (Hgye et
al. 2021) and Nuuk (Topp-Jargensen et al. 2015)
as part of the Greenland Ecosystem Monitoring
programme (GEM). Without long time-series data
it is impossible to disentangle the considerable
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Figure 3: Bar charts showing the regional bias in the numbers of papers considering the top seven most studied taxonomic
groups of the terrestrial and freshwater fauna of Svalbard. This figure is created from 460 papers published between
1869 and 2023 which listed specific locations and taxonomic information (see Coulson et al. 2024b) and were not general
review articles. Articles covering more than one region/taxa are counted more than once. For reference, the tallest bar

(Collembola in North Spitsbergen) has a value of 73 papers.

intra- and interannual fluctuations in abundances
that are characteristic of many invertebrates, from
long-term population responses to environmental
change.

There is also incomplete understanding of how
different abiotic and biotic stressors interact to
affect different Arctic terrestrial invertebrates,
or whether these responses can be generalised
across taxa (Haye et al. 2021). For example, recent
studies have suggested that Arctic arthropods
respond negatively to longer term exposures to
moderate to high temperatures (e.g., Sgrensen
et al. 2024; Christoffersen et al. 2024) and that
changes in humidity may exacerbate these effects
(Christoffersen et al. 2024). Follow-up research

is required to determine whether these effects
are general or species-specific, and what their
consequences will be. Furthermore, environmental
change may also have cascading effects that
require deeper understanding. For example,
parasitic gut nematodes are believed to play a role
in suppressing the fecundity of their host, Svalbard
reindeer (Rangifer tarandus platyrhyncus; Albon et
al. 2002). The free-living stages of the parasitic
gut nematode Ostertagia gruehneri have recently
been shown to avoid desiccating conditions by
potentially moving deeper into the vegetation
profile and, should this happen, are less likely to
be ingested and re-infect the host (Moerman et al.
under revision). To better comprehend the resilience
of significant taxa to environmental change there
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Figure 4: Numbers of papers considering the terrestrial and freshwater fauna of Svalbard in various regions. This figure is
created from 472 papers published between 1869 and 2023 which listed specific locations (see Coulson et al. 2024b) and
were not general review articles. Articles covering more than one region are counted more than once.

is an urgent requirement for baseline data and
structured inventories, particularly at key locations,
and a focus on key gradients and variables.

It is well understood that invertebrates have
many functions in the terrestrial and freshwater
ecosystems. For example, beyond Svalbard, much is
known about important species of flower pollinators
(e.g., Hallett et al. 2017) and decomposers (e.g., Ott
et al. 2012). In Svalbard, however, knowledge of
the presence, abundance and frequency of species
interactions is insufficient to establish the roles
and importance of invertebrates to ecosystem
functions such as pollination and nutrient cycling.
Nevertheless, the concept of the Functional
Ecosystem Component (FEC) has been developed as
part of the Arctic Terrestrial Biodiversity Monitoring
Plan produced by the CAFF programme, together
with associated “parameters” and “attributes”

(Christensen 2013; Gillespie et al. 2020; Aronsson
et al. 2021). Focal Ecosystem Components were
defined in the Circumpolar Terrestrial Biodiversity
Monitoring Plan (Christensen 2013) as key and
indicative elements of biodiversity identified for
each Arctic ecosystem considered. Changes in
status of FECs likely indicate changes in the overall
environments that require further attention and
study. In the original terrestrial biodiversity plan
five FECs were identified for the terrestrial and
freshwater invertebrate fauna: Decomposers,
Pollinators, Herbivores, Food for vertebrates,
and Blood feeders. A sixth FEC, Predators and
Parasites, was identified by Gillespie et al. (2020),
and is included in the most recent CAFF Status
and Trends of Arctic Terrestrial Biodiversity report
(Aronsson et al. 2021) (Figure 2). Note that the
State of the Arctic Freshwater Biodiversity Report
(Lento et al. 2019) identified two FECs relevant
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to this SESS chapter, Zooplankton and Benthic
Macroinvertebrates, but these are not included
in Figure 2 for simplicity and are here considered
as within the six FECs described. It has been
recommended that monitoring efforts focus on
the status and trends of these FECs (e.g., species
diversity, abundance, ecosystem function of key
species in each FEC), but as a recent review found,
we lack even the most basic information for the
vast majority of species and regions (Gillespie et al.
2020). Furthermore, this conceptual classification
of species is based on a combination of knowledge
of ecosystem service provision by invertebrates
from more temperate and tropical locations (e.g.,
Losey and Vaughn 2006), and scant observations
of actual Arctic ecological roles (e.g., Gillespie and
Cooper 2022). While all of the FECs identified for
invertebrates by the Arctic Council's Circumpolar
Biodiversity Monitoring Programme (CBMP) are
well represented in Svalbard (Gillespie et al. 2020),
no studies to date have confirmed the species
involved in those functions, their effectiveness
and their resilience to environmental change. Even
within a single FEC subclass, such as “Prey for birds”,
studies of invertebrates in bird diets rarely identify
invertebrates to species-level and generally report
overall biomass figures. Although some studies
are starting to employ sequencing techniques
to identify taxa (Stolz et al. 2023), expansion of
such sampling would provide a huge resource to
invertebrate researchers (see section 3). In general,
much research is required to confirm many species’
FEC membership and, therefore, to identify the
most important species providing key functional
roles. Thus, for future coordinated monitoring
efforts to be most effective, an extensive initial
research effort is required in Svalbard and beyond,
maybe expanding the national Norwegian
insect monitoring programme, based on DNA-

REVIEW

metabarcoding of Malaise traps (NINA 2024).

In addition to the general lack of data, there is
also a concerning dearth of studies addressing
topics crucial to Svalbard biosecurity. Ninety eight
alien vascular plant species are recorded from
Svalbard (Artsdatabanken 2018), 27 which are
considered established or “door-knocker” species
(Artsdatabanken 2023), while Bartlett et al. (2021)
in a recent survey identified 36 alien plant species
exclusively associated with areas of human activity.
Moreover, climate modelling studies indicate that
19 of 27 established alien door-knocker species
were considered to have the climate potential to
spread to 75% of non-glaciated areas (Speed et al.
2024). Analogous studies addressing invasive alien
invertebrates are largely lacking, but the potential
for establishment of these species in Svalbard
is likely to be great. Evidence from the Antarctic
overwhelmingly points to the national operators
being the primary source for introduced species,
followed historically by trade and exploitation
industries in the periods when they were active,
with tourism as yet being less important (Hughes
et al. 2019; Siegert et al. 2023). In Svalbard such
colonisation records are focused on sites such as
Barentsburg and Pyramiden (Coulson et al. 2013,
2015) and the active settlements and research
stations of Longyearbyen, Ny-Alesund, Barentsburg
and Hornsund. Together with climate change, the
spread and impacts of alien and invasive species
on native Arctic ecosystems and species may
be particularly significant (Speed et al. 2024)
and information is urgently needed on which to
base future planning, mitigation measures, and
environmental management of Arctic terrestrial
ecosystems. Enhanced collaboration with other
disciplines and actors can provide a profitable
approach to make this a reality.

3. Contributions to interdisciplinarity

The Svalbard research community has long
recognised the existence of multiple key
interconnections between taxonomic groups
(Aronsson et al. 2021; Pedersen et al. 2021) and

these are exemplified by the six Arctic terrestrial
FECs of the Arctic Terrestrial Biodiversity
Monitoring Plan (Christensen et al. 2013; Gillespie
et al. 2020), all of which imply multi-trophic
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Figure 5: Conceptual model of the FECs and processes mediated by more than 2 500 species of Arctic arthropods known
from Greenland, Iceland, Svalbard, and Jan Mayen and the interconnections with other science disciplines in Svalbard

(based on Gillespie et al. 2020).

interactions (Figure 5). Each of the FEC groupings
are functional components because they link
to other species groups and demonstrate that
invertebrates have interactions with many other
taxa and themes (see the example of Figure 5).
For instance, invertebrates play vital roles in plant
pollination and seed set (Gillespie et al. 2016), in
decomposition of dead organic matter and nutrient
cycling (Koltz et al. 2017), in herbivory of plants
(Strathdee and Bale 1996; Gillespie et al. 2007),
and in vertebrate blood feeding and potential
disease transmission (Millerova et al. 2018).
They also have impacts on reindeer fecundity
via gastrointestinal parasites (Albon et al. 2002),
serve as prey items for nesting birds and affect
fledging success (Bolduc et al. 2013; Wirta et al.
2015; Schmidt et al. 2017; Stolz et al. 2023), All
of these areas of overlap between trophic levels
highlight opportunities to combine research effort
and resources across ecological disciplines, and
when pursued, have resulted in some excellent
cross-disciplinary research initiatives. In addition
to these, there are further areas of interdisciplinary
need or opportunity beyond biology that are yet to
be explored.

1. Climate changes causing, for example, glacial
retreat or alterations in the timing and pattern of
snowmelt, create new environmental conditions
including revealing new land surfaces for
colonisation. These events can be monitored
using invertebrates as bioindicators. In this way,
it is possible to follow succession processes
and community assembly from single pioneer
species arriving to more complex communities
consisting of many taxa and individuals. Even
wingless invertebrates have relatively large
dispersal abilities (spreading) using anemochory
(wind), hydrochory (ocean currents) or
zoochory (animal) including the special case of
anthropochory (via human actions). This type
of research requires cooperation between
taxa specialists, for example acarologists,
entomologists and ornithologists as well as
physical scientists including meteorologists,
glaciologists and permafrost and soil specialists.
There are opportunities for tighter collaboration
with, for example, vegetation and microbial
ecologists who study the same successional
patterns (e.g., Yoshitake et al. 2011; Tésitel et al.
2014; Masumoto et al. 2023; Rola et al. 2023),
or other fields such as geology (Kim et al. 2022)
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and efforts could be combined more often to
reveal co-occurring plant and invertebrate
successional changes.

. The species composition of invertebrate
communities is often closely related to the
quantity and type of food available. For many
species of soil invertebrates, soil fungi, algae
and bacteria are the main-or the only-food
and, therefore, determine the structure of
invertebrate communities. Separately, high
springtail (Collembola) abundance can have a
negative effect on nitrogen-fixing cyanobacteria
and hence nitrogen fixation (Birkemoe and
Liengen 2000) and vascular plant performance
in the nutrient-limited ecosystems characteristic
of Svalbard (Jonsdottir 2005) and other parts of
the Arctic. Thus, opportunities for collaboration
between ecologists and soil scientists abound.

. Invertebrates form a key prey item for various
taxa including breeding migratory birds in the
Arctic (Chagnon-Lafortune et al. 2024) and
freshwater fish (Svenning et al. 2024). A snow
bunting monitoring project has collected data on
snow bunting breeding success in Adventdalen
since 1998 (Fossgy et al. 2015) and includes
trapping of arthropods since 2014. Arthropods
represent the main food source for snow bunting
nestlings, and the project aims to understand
how climate change affects arthropod
availability within and among years, and in turn
how this affects snow bunting breeding success.
Trapping data includes collection of insects
from pitfall traps every fourth day from early
June to mid-July every year, in order to estimate
the phenological change in total biomass of
arthropods throughout the snow bunting
breeding period (Stolz et al. 2023; Joesaar
2024).

. Linkages with human impacts could, and need
to be, further explored. Local sources of direct
impacts, such as tourism and industry, can have
severe implications for ecosystem functioning.
Not only are there direct effects of human
activities in these regions, for example ground
trampling and introduction of pollutants,
but there is a risk that introduced species
may establish and, over time, colonise more
widely within Svalbard. While the presence of

REVIEW

introduced plants is reasonably well documented
(Ware et al. 2012; Governor of Svalbard 2014),
introduction of invertebrates, including hidden
genetic diversity, is less well understood even
though known to have occurred (Coulson et al.
2013, 2015).

. To better understand the overall functioning

of the ecosystem it is necessary for ecologists
from various disciplines to approach the
problem from their own respective taxonomic
and/or functional expertise but with a focus
on integration through the system. The TERRA
project provides one example of a project
focused on the effects of a combination of
abiotic (surface icing) and biotic (goose grazing
and soil nitrification) factors on the soil system
(TERRA 2024).

. The outcomes of invertebrate studies (e.g.,

bioindicators, parasitology) need to be readily
available to environmental managers and those
involved in governance. It is critical to share
timely and accessible knowledge on Svalbard
invertebrates with all relevant parties, to
improve public understanding of the complexity
of ecological processes and of our impacts on
these processes (for example the possibilities
to limit spreading of invasive alien species).
Inherent in this is a need to engage with citizen
science practitioners and outreach activities to
develop and disseminate knowledge about the
invertebrate fauna, its role and threats.

. Many other disciplines carry out one-off or

regular fieldwork activities in less visited parts
of the Svalbard archipelago. At the same time,
many invertebrate or habitat sampling methods
are simple, fast and effective. By actively linking
more closely with other disciplines and actors,
such as the tourist industry in Svalbard, as is
increasingly happening in other parts of the
Arctic (e.g., Greenland) and Antarctic, sample
collection opportunities can be considerably
enhanced, developing the currently lacking
crucial knowledge of the invertebrate (and,
indeed other) communities from these locations.
Such integration and cooperation will also
contribute to addressing the often-stated aim
of minimising the human footprint of research
and other activities in Svalbard.

7 STAFIEN

191



192

8. Traditional “on-the-ground” approaches to
invertebrate survey and research are currently
irreplaceable. There is a need to further
integrate the traditional approaches by engaging
with and increasing application of cutting-
edge technological disciplines, such as remote
sensing through drones and satellite imagery,
eDNA, and Large Language Models and Al.
These technologies offer new possibilities
for sample and/or data collection, as well as
enhancing specimen identification and sample
analysis. However, due to the general poor
knowledge base within the field of ecology
these techniques require institutional support
and external expertise.

9. There are direct linkages to social science,
public understanding of science and the role
of Svalbard science in a global context. Greater
outreach can be encouraged, for example via
Svalbard Environmental Fund funding. Increased
data and knowledge transfer to governance
organisations, including the Governor of

4. Unanswered questions

In summary, while research on Arctic invertebrates
in Svalbard has a long history and the current
inventory is amongst the best available and quality-
assured for any Arctic region, the Arctic generally,
and many regions of Svalbard specifically, remain
desperately understudied. To a large extent there
is lack of coverage in terms of spatial and temporal
patterns of biodiversity at all levels and in the
application of integrated approaches linking trophic
levels and energy and nutrient fluxes. Specifically,
while lists of species recorded and described are
available, the abundance, community age structure
and functional significance of these species and
populations are largely undocumented or unknown.
Finally, there is a general lack of understanding
of the sensitivity of most species to changes in
climate, land use and other anthropogenic drivers,
and the consequent cascading effects on linked
biological systems.

Svalbard, the Norwegian Ministry for Climate
and Environment, and the Arctic Council and
its bodies, is essential as a foundation for
knowledge-based governance decision making
and actions. Here we see an important role for
SIOS in enhancing the visibility of invertebrate
science in Svalbard internationally to ensure
Svalbard data are employed globally.

Such interdisciplinary collaboration could be
enhanced by SIOS by creating and hosting online
protocol handbooks or guidance for recommended
data and types of samples and how to collect
them. Other key SIOS actions identified include
connecting researchers studying invertebrates
in Svalbard with researchers involved in other
disciplines and raising awareness of possibilities
for synergy and assistance in sample collection
during fieldwork activities related to other
scientific disciplines, for example, collection of
soil/vegetation cores for invertebrate community/
biodiversity analyses.

Specific knowledge gaps include:

1. Baseline documentation of the invertebrate
biodiversity of Svalbard including temporal
and spatial descriptions of the distribution
and abundance of this biodiversity (i.e., alpha,
beta, gamma biodiversity) and a description
of community structure and genetic variation
in, and between, invertebrate populations.
A comprehension of the great differences in
species composition across relatively small
geographic scales is lacking.

2. Improved understanding is required of the
origin and history of colonisation of invertebrate
species and populations and the potential for
genetic exchange with other populations across
geographical scales. Monitoring of potential
invasive alien species and their likely effects on
native biodiversity is lacking (e.g., through direct
competition, vectoring of disease, parasitism).
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3. ldentification of taxa that respond to, or are
vulnerable to, change and/or have possible range
shifts. There is a clear lack of understanding of
the local adaptation of species/populations and
their resilience to climate change, changes in
land use, pollution and other anthropogenic and
biotic drivers. This includes the ability of species
to adjust their physiologies or life histories
sufficiently to enable them to show resilience to
projected environmental change.

4. The ecological roles of species and linkages
across trophic levels, for instance nutrient
cycling, pollination and seed production,
population dynamics of birds and reindeer
through parasitism and food, are very far from
understood. The same is true of links across the
marine/terrestrial biospheres.

REVIEW

5. Knowledge, dynamics and challenges from

Svalbard need to be translated across other
Arctic systems (and vice versa), allowing Svalbard
to act as an early warning system, or sentinel, for
wider global patterns and effects of change. The
upscaling of data from Svalbard to other parts of
the Arctic is largely unaddressed.

. There is no monitoring of invasive alien species

or the potential threat that these species may
represent to the native Svalbard flora and fauna
communities. A risk assessment is currently
lacking for Svalbard, and the archipelago must
be incorporated fully into the current invasive
alien species risk assessment toolkits.

. It is necessary to develop procedures for how

these data and conclusions can be used in
management and policy frameworks.

5. Recommendations for the future

To enhance invertebrate ecological research in
Svalbard, and address many of the important
gaps highlighted above, we provide five key
recommendations, including how SIOS can
contribute to terrestrial and freshwater invertebrate
science.

e Develop and implement a sustained effort to
document biodiversity and drivers of biodiversity
change over time.

e |nvertebrates are key indicators of environmental
change and are crucial in identifying and
understanding the responses and resilience
of polar ecosystems. There is an urgent
requirement to collect baseline data and to
establish future data collection foci, such as the
key measurable attributes of Arctic invertebrate
biodiversity. In the context of determining
resilience to environmental change future data
collection should focus preferably on taxa that:
(a) are relatively well-studied with existing data;
(b) respond to, or are vulnerable to, change;
(c) face possible range shifts; d) are important
for ecosystem services; and e) are or may be
defined as invasive alien species, in which case
their potential routes of entry should also be

studied.

Engage with other actors and researchers to
promote and enhance collaboration opportunities
within Svalbard.

The logistics of working in the Arctic require that
scientific disciplines collaborate and that science
opportunities are exploited in an efficient
manner. Here there are clear opportunities for
collaboration with other actors, such as the
tourist industry, the Governor of Svalbard’s
officials or research institutions involved in
environmental monitoring of Svalbard (for
instance MOSJ 2024) to enable access to less
visited regions and to boost data collecting
possibilities.

Build connections within and beyond the Svalbard
research community to secure a pan-Arctic
synthesis.

The above datasets should not be pursued in
isolation, as other Arctic regions and disciplines
face the same challenges. There is a need to
establish strong cross-disciplinary and pan-
Arctic connections to ensure coordination in
the collection of time-series data, identification
of focal key drivers, completion of molecular
libraries, and assessment of the risks of invasive
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alien species.
Create and make available online collaboration
tools to facilitate enhanced data collection.

e Tools such as a frequently updated online

protocol handbook and a catalogue of
recommended equipment, will enable the
acquisition of the standardised samples required
for efficient and accurate collection of key data.
Such tools can be employed by ecologists and
non-ecologists alike and could help raise the
profile of invertebrate science in Svalbard,
enabling data collection that would otherwise

e |everage SIOS in Svalbard to raise the profile of

invertebrate science and unlock new research
opportunities.

With a focal role in Svalbard science, SIOS
can play an important part in enhancing the
visibility of invertebrate science in Svalbard,
coordinating biogeographic analyses and data
archiving, providing infrastructure support,
including funding, and enabling time series data
to be collected, samples to be processed, and
analysis pipelines to be developed (e.g., large-
scale computing). Moreover, SIOS can facilitate

be impossible.

6. Data availability

Dataset Parameter Period Location
Svalbard Species 1869 to Svalbard
invertebrate occurrence 2024

inventory

collaboration with current data collection and
monitoring programmes such as the Greenland
Integrated Observing System (GIOS.org) or the
Isaaffik Arctic Gateway (isaaffik.org), and make
data public via the SIOS Data Portal (sios-
svalbard.org/Data) and other outreach activities.

Metadata access (URL)

Dataset provider

https:/www.gbif.org/ Coulson SJ
dataset/443d4938-8d5a-4e2e- | stevec@unis.no
a5b8-53fd139bb1d6é
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1. COAT in a nutshell

The Climate Ecological Observatory for Arctic Tundra
(COAT) is a long-term observation system for real-
time detection, documentation, understanding and
predictions of climate impacts on Norwegian Arctic
tundra ecosystems (Ims et al. 2013). COAT Svalbard
is integrated into the Svalbard Integrated Arctic Earth
Observing System (S1OS), as an essential component
of the ecosystem-based biosphere monitoring
(Pedersen et al. 2020, 2022). During 2016-2023,

UPDATE

COAT has implemented research infrastructure
related to data collection, field logistics and data
management across five biotic monitoring modules
and a climate monitoring network in Svalbard.
In 2024, COAT received funding from the state
budget to UiT - The Arctic University of Norway
to enter the operational phase of the long-term
monitoring.

2. Operationalisation of ecosystem-based adaptive monitoring

The COAT Svalbard observation systems cover
the wide range of existing variation in climatic
gradients and management contexts. The system
is implemented according to the ecological
hypotheses and study designs in the COAT Science
Plan (Ims et al. 2013). In this update chapter, we
present the essence of the climate monitoring
network and the five biotic modules, together with
a brief description of the status.

2.1. The COAT climate monitoring
network and its operation

The climate in Svalbard is undergoing rapid
transformation (Isaksen et al. 2022b), with further
changes anticipated (Hanssen-Bauer et al. 2019).
To quantitatively evaluate the impacts of climate
change on tundra ecosystems, comprehensive data
of spatial and temporal variability of weather are
required.

In Svalbard, climatic variability is driven by
topography and distance from the coast, generating
marked differences between coastal and inland
regions. Prior to the establishment of COAT, the
full-scale automatic weather stations (AWSs) were
mostly located along the west coast, with a notable
absence of stations in the inland and at higher
elevations, complicating the understanding of the
physical processes that connect snow cover and
snow structure to weather parameters and the

biotic ecosystem components. Between 2019
and 2021, seven new AWSs were established in
Svalbard. An additional AWS was established at
Agard in eastern Spitsbergen in 2024, completing
the west-east transect across central Spitsbergen
(Figure 1). These AWSs provide hourly, real-time
data on air, soil, and permafrost temperatures, soil
moisture, wind direction and speed, snow depth, air
humidity, and radiation. These are the main climatic
variables expected to act as drivers on ecosystem
components and are essential for the monitoring
basal ice cover, timing of snowmelt, permafrost
thawing and onset of seasons.

A network of ground temperature loggers (N >
300) are implemented at scales relevant to the
measurements in the five biotic monitoring modules
(Appendix 1). At each of the ground temperature
logger sites, snow conditions are assessed in snow
pits in late winter, with measures of snow depth
and structure of the snow cover, particularly the
presence and thickness of ice layers both at the
ground and within the snowpack. Additionally,
snow cover is assessed at a broader spatial scale
using snow models (run on data from 1957-2021)
at spatial resolution of 100 x 100 m and remote
sensing techniques, such as the MODIS snow
products.
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Figure 1: Map of the COAT Svalbard climate monitoring network, including eight full-scale automatic weather stations and
> 300 ground surface temperature loggers, and the vegetation monitoring stations (N=57) where a suite of climate-related
variables are collected. Note that symbols group sites for both loggers and vegetation monitoring stations. The network
is spatially distributed in important climatic gradients (i.e., coast - inland and valley bottom - higher elevations) across the
two study regions, Nordenskiold Land and Brggger peninsula and surroundings. At all logger sites, snow depth and basal
ground ice is measured annually. Map: Anders Skoglund / Norwegian Polar Institute

2.2. The COAT biotic monitoring
modules and their operation

The ecosystem-based monitoring is implemented
through five food web monitoring modules and
the climate monitoring network. Each of the five
food web modules is based on a conceptual “climate
impact path model” that outlines a set of monitoring

targets in terms of climate sensitive key species
or functional groups in the tundra food web and
a priori hypotheses for their key process relations.
These are described in the COAT Science Plan (Ims
et al. 2013) and further developed in Nater et al.
(2021) [Arctic fox module], Marolla et al. (2021)
and Henden et al. (2017) [ptarmigan module] and
Ravolainen et al. (2020) [vegetation module].

SESS Report 2024 - The State of Environmental Science in Svalbard



UPDATE

3. Status and trends in the Svalbard terrestrial ecosystem

3.1. Climate characteristics and
implications for the food web

Since 1971, air temperature in Svalbard has
increased 3-5°C, particularly in the winter
season (Hanssen-Bauer et al. 2019). Winters
are characterised by fewer extremely cold days
(Nordli et al. 2020), more frequent mild days with
precipitation as rain (Peeters et al. 2019) and lack of
sea ice (Urbanski and Litwicka 2022). Since 1991,
the most significant warming rates were observed
in the northern and eastern regions of Svalbard,
reaching levels that were nearly double those
previously recorded in this region (Isaksen et al.
2022b). July temperature is a key characteristic of
the plant growing season and determines the Arctic
bioclimatic zones. Climatically, most of the Svalbard
tundra has shifted by an entire bioclimatic sub-zone
(Pedersen et al. 2021). Such changes are expected
to be accompanied by changes in function,
structure and productivity of the ecosystems (Ims
et al. 2013).

Precipitation: Annual precipitation has increased
by 30-45% during the past 60 years (Farland et
al. 2020). Higher winter temperatures cause more
frequent episodes of winter rain, often resulting
in basal ice formation and locked grazing grounds
for herbivores. Peeters et al. (2019) documented a
cryosphere regime-shift wherein basal ground ice
has formed every winter since 1998, while formerly
such winters occurred every three to four years.

Snow-free season: Snow cover duration is
decreasing everywhere in Svalbard, but most
rapidly in the middle-Arctic tundra zone (Pedersen
et al. 2021). The length of the snow season
has decreased by approximately 20 days since
the middle of the last century and this trend is
expected to continue, resulting in shifts in spring
and winter onset and prolonged growing seasons
(Hanssen-Bauer et al. 2019). Recently, Svalbard
experienced three record-breaking summers

in a row (2022-2024, Box 1), which has never
previously been recorded by MET Norway on the
mainland or in Svalbard. The data series indicated
that the growing seasons, especially in 2023 and
2024, were exceptionally warm and prolonged. In
2023, air temperature data from stations in Nedre
Sassendalen and Svalbard Airport revealed for
the first time that Svalbard experienced suitable
conditions for tree growth, based on the criteria set
by Paulsen and Kérner (2014). Nevertheless, these
conditions need to be maintained over several years
for trees to grow in Svalbard. In 2023, the increase
in near-surface soil temperature at the majority of
COAT weather stations exceeded the rise in air
temperature compared to previous summers (Box
1). The likely explanation for this situation is the
remarkably low frequency of cloudy days, which in
turn caused a substantial rise in radiation measured
at the COAT weather stations during that summer.
Despite the additional increase in air temperature in
2024, the near-surface soil temperature remained
more aligned with the measurements recorded in
2023 (Box 1).

Permafrost: Since 1998, permafrost has been
measured at Janssonhaugen, Nordenskidld Land.
This station holds the longest complete time series
among all the MET Norway permafrost stations.
Studies focusing on temperature changes at various
depths reveal significant warming of the permafrost.
The most notable warming is observed at depths
of 10 and 20 metres, with temperature trends of
0.9°C/decade and 0.7°C/decade, respectively
(Isaksen et al. 2022a). Unlike the changes in deeper
permafrost temperatures, variations in active layer
thickness (ALT), are mainly governed by summer air
temperatures and the snow cover. Higher summer
season temperatures result in increased deepening
of ALT, causing thawing of the near-surface
permafrost (Hanssen-Bauer et al. 2019; Isaksen
et al. 2022a), which impacts the tundra structure,
hydrology and vegetation growing conditions
(Hanssen-Bauer et al. 2019).
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Temperatures in Svalbard during the recent extreme summers, with the warmest summer (2024) marked in red. a)
Summer (JJA) air temperatures at the weather station Svalbard Airport. The composite series from Svalbard Airport,
covering the years from 1898 to the present, is a rare example of a long-term temperature record from the High Arctic
(Nordli et al. 2020). The record warm recent summers are also confirmed by other climate data records, like the high-
resolution Copernicus Arctic Regional ReAnalysis (CARRA?). b) Mean July-August ground temperature in a permafrost
borehole at 0.2 m, Janssonhaugen (see Isaksen et al. 2022). ¢) Mean July-August air temperatures from the seven
established COAT weather stations (displayed from coast to inland). d) Mean July-August near-surface soil temperatures

measured at 0.05 m depth at the COAT weather stations.

3.2. Climate-related changes in
vegetation

In the Arctic, vegetation changes, e.g., phenology
(Bjorkman et al. 2020), and remote-sensed indices
of biomass (Berner et al. 2020), are heterogenous
and the same is true for Svalbard. A trend towards
an earlier start of the growing season and increased
maximum productivity was found using satellite
imagery (Pedersen et al. 2021) and Karlsen et al.
(2024) found that large parts of Svalbard have
become greener (based on data from 2000-2022).

Moss tundra is an example of a habitat that
is challenging to interpret from the satellite

record (e.g., Karlsen et al. 2024), while being an
important herbivore habitat in Svalbard (Pedersen
et al. 2023; Ravolainen et al. 2024; Grimsby et al.
2023). Herbivore impact can there be detected in
remote-sensed vegetation index values (e.g., the
Normalized Difference Vegetation Index (NDVI);
Eischeid et al. 2021) and pink-footed geese
disturb locally large proportions of moss tundra
(23-80%) (Eischeid et al. 2021, 2023). At the same
time, areal coverage of shared, suitable herbivore
habitat is very small (Ravolainen et al. 2024) and
changes in foraging conditions within the focal
habitats will likely influence herbivore populations.
Impacts of changing herbivore populations will, in
turn, concentrate on these suitable portions of the

1 https://climate.copernicus.eu/esotc/2023/arctic-temperature
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landscape. For example, the accumulated carbon
stock, which is high in the focal habitats (Juselius
et al. 2022), can be modified by herbivory (Speed
et al. 2010; Bon et al. 2021). These interactions
highlight the need for continued monitoring of
herbivores and vegetation in an integrated manner.

Major changes in plant community composition are
not apparent. Above-ground vascular plant biomass
varies annually (www.mosj.no/no; van der Wal and
Stien 2014) and invasive alien plant species in
Svalbard are confined to the settlements (Bartlett
et al. 2021). The adaptive, ecosystem-based
monitoring ensures that potential surprises by
invasive alien vascular plant species will be captured
in the future (Bartlett et al. 2021; Ravolainen et al.
2020).

3.3. Climate-related changes in
higher trophic levels

The Svalbard tundra has undergone rapid,
substantial changes in abiotic conditions (Pedersen
et al. 2021). Despite such changes, the abundance
of the monitored resident and migratory vertebrate
populations show both stable (Arctic fox, Nater et
al. 2021) and increasing trends (pink-footed goose,
Johnson et al. 2020; barnacle goose, Heldbjerg et
al. 2021; Svalbard rock ptarmigan, Marolla et al.
2021; Svalbard reindeer, Hansen et al. 2019b) (see
also Figure 3 in Pedersen et al. 2022). The reindeer
populations, however, show contrasting dynamics
with both increasing and decreasing trends, possibly
because climate forces act differently on coastal
and inland populations (Hansen et al. 2019b). Joint
analysis of four types of fox data (1997-2019)
revealed relatively stable population size and age
structure despite rapid environmental change
linked to climate warming (Nater et al. 2021).
The monitored vertebrate community is adapted
to variation in food resources and Arctic weather
conditions and currently appears be coping with
the rapid climate changes (Pedersen et al. 2021).
Because Svalbard is an isolated archipelago, influx
of potentially competing mammalian species is
restricted (Sokolova et al. 2024). However, for
migrants, factors outside their Arctic breeding
range, like diseases (e.g., the bird flu caused a 30 %

UPDATE

mortality in the winter 2021/2022; Griffin 2022),
can cause declines in the breeding population.

The extended snow free season (i.e., earlier springs,
Vickers et al. 2020) and increased plant biomass (i.e.,
greening and prolonged growing seasons, Karlsen
et al. 2024) likely reduce food constraints and allow
for better body condition of herbivores, which is
essential to reproduction and survival (Layton-
Matthews et al. 2020 [barnacle goose], Jensen et
al. 2014 [pink-footed goose], Albon et al. 2017;
Loe et al. 2021 [Svalbard reindeer], Eva Fuglei pers.
comm. [introduced East European vole]). Moreover,
snow melt patterns modify interactions between
herbivores and vegetation (Eischeid et al. 2023;
Anderson et al. 2016). They determine where and
how intensively herbivores disturb the vegetation
(Eischeid et al. 2021) and access high-quality food
and nesting sites, consequently affecting breeding
success (Jensen et al. 2014; Lameris et al. 2019).

The changing precipitation patterns, resulting in
large-scale “rain-on-snow” events (ROS) and often
subsequent basal ice, have over decades (1990
to 2010) had major negative influence on the
population fluctuations of the resident terrestrial
vertebrates in Svalbard. The precipitation changes
synchronised the population abundances of the
year-round resident herbivores - the Svalbard
reindeer and Svalbard rock ptarmigan and the
introduced East European vole - while inducing
a one-year lag in the only terrestrial predator/
scavenger, the Arctic fox (Hansen et al. 2013).
While severe winter rain events can have drastic
short-term conseqguences on vertebrate population
abundances and vegetation (Milner et al. 2016),
Hansen et al. (2019a) found that ROS (via
interactions with density and intrinsic factors) had
a stabilising effect on reindeer population dynamics
in the long run. Recent single-species studies have
indicated a weakened relative impact of ROS on
population growth (e.g., Marolla et al. 2021 on
Svalbard rock ptarmigan). Population densities of
ptarmigan have doubled since monitoring of the
breeding population started in 2000 (Pedersen
et al. 2012; Marolla et al. 2021), and reindeer
numbers have tripled in central Spitsbergen since
the start of the long-term monitoring in 1979
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(Hansen et al. 2019b, www.mosj.no/no). Currently,
the negative ROS effect appears to be outweighed
by positive effects of: 1) an extended snow free
season, particularly due to later onset of winter,
improving autumn body condition and therefore
enhancing winter survival; and 2) increased summer
temperatures resulting in more plant biomass
for herbivores, in turn buffering against winter
mortality and population declines. However, it
is still unclear whether increasing temperatures
will result in winters so mild that forage access is

improved for herbivores (due to snow melting),
rather than blocking access to foraging grounds
(due to ground ice formation). Also, there is
uncertainty about whether the lack of sea ice for
dispersal and genetic exchange within the Svalbard
archipelago (Peeters et al. 2020), will negatively
influence populations (particularly Arctic fox and
reindeer). However, the reindeer populations have
adapted successfully, despite low genetic diversity
from origin, and appear robust (Dussex et al. 2023).

4. Contributions to interdisciplinarity

COAT combines ecology and geophysical disciplines
(i.e., meteorology, snow geophysics etc.) and is a
highly multidisciplinary adaptive ecosystem-based

programme that contribute to conservation and
management of climate-sensitive components of
Norwegian Arctic ecosystems.

5. Challenges and recommendations for the future

As COAT has entered the operational phase, the
use of the observation system and its data to model
causal relations and predictions for ecological
forecasting (Dietze et al. 2018) is of high priority.

We recommend:
e Quantification of the conceptual models,
including multi-driver analyses with climate and

6. Data availability

The COAT data management system is a crucial part
of the research infrastructure. COAT’s data portal?
builds on international metadata standards (DCAT,
schema.org-structured data and ISO 19115/CSW)

2 https:/data.coat.no/
3 https:/seklima.met.no/observations/

management as the main impact pathways, for
the biotic modules not yet quantified.

e Development of short-term, iterative predictive
models for key components of the terrestrial
food web, based on the causal relations
quantified in step 1, to provide management
recommendations.

compatible with SIOS’s digital infrastructure on
the discovery level. All data from COAT weather
stations are found on SEKLIMAS,
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Appendix 1. COAT biotic monitoring modules

In this appendix we present a summary of new
information, not available in the COAT Science
Plan (Ims et al. 2013), particularly related to
the vegetation module and the implemented
infrastructure and main results of the other four
biotic modules. The ecological hypothesis and study
designs of the monitoring modules are described in

/ * Dryas ridge

Variables field monitoring

* Forage plant biomass

* Nutrient content plants

* Pink-footed goose grubbing
* Soil temperature

Focus areas in remote-sensing
+ Drone: covering vegetation station
» Satellite imagery: Svalbard

Variables remote-sensing
* Drone: RGB, NDVI, vegetation type
extent

Moss tundra habitat

Va
/
/ Focus habitats with module stations\
/ * Moss tundra

* Satellite imagery: Max NDVI, season
development, herbivore habitat use

detail in Ims et al. (2013).

The vegetation module focuses on monitoring
of plant abundance, nutrient content, and season
development, with climate and herbivores as the
main drivers. A premise underlying the choice of
target habitats, state variable and study designs is

COAT vegetation module station

Dryas ridge habitat

Figure Al: Overview of the study designs, focal habitats and variables collected at the 57 vegetation monitoring module
stations in the two COAT regions (see also Figure 1 in chapter text).
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that the increased temperatures and precipitation
will influence vegetation, combined with an
expected strong influence from increasing herbivore
populations. The module develops its theoretical
background and hypotheses in Ravolainen et al.
(2020).

Moss tundra is a focus habitat due to its importance
for a broad range of ecosystem functions and
services. Moist and wet tundra holds high
biodiversity and serves as an important habitat for
wildlife. The functional groups of plants in moss
tundra are expected to respond quickly to a warmer
climate (Ravolainen et al. 2020; van der Wal and
Stien 2014). Due to herbivore winter habitats being
located on ridges, and to account for a broader
range of climate effects (winter ground-ice episodes
in particular), a dry, gravelly habitat type is also
included, namely Dryas octopetala ridges. These
habitats form the core of the field monitoring,
organized in 57 module stations, where several
variables are measured annually (Figure A1). While
it was possible to base the module on extensive
research and knowledge on plants and vegetation
in Svalbard, very few field-based long time-series
on plants exist from Svalbard. The Semmeldalen
plant biomass time-series started in 1998 (van der
Wal and Stien 2014) and is continued in the COAT
monitoring. We also combine annual measurements
of vegetation with an experiment where herbivores
are excluded by means of fences in Adventdalen
(n=14, started 2020) and on Brgggerhalvaya (n=18,
started 2021) in the same core habitat types.

To capture landscape scale changes and
phenological development, we utilise imagery
acquired with drones and satellites. Drone flights
cover module stations and herbivore exclosures,
capturing RGB and multispectral imagery, for
calculation of the commonly used Normalized
Difference Vegetation Index (NDVI), a measure
of “greenness” correlated with plant productivity
(Karlsen et al. 2018). NDVI imagery is also acquired
from MODIS and Sentinel satellites for larger scale
analysis (Figure A2).

The goose module covers the two most abundant
goose species breeding in Svalbard, the pink-footed

UPDATE

goose Anser brachyrhynchus and barnacle goose
Branta leucopsis; however, the focus has been on
the pink-footed goose and its food web interactions,
with climate and population management as the
main drivers. Monitoring is carried out by counting
of nests post-hatching to capture hatching success
and by automated camera traps, laid out along
an elevational gradient, recording timing of snow
melt, nest occupancy, phenology of egg-laying
and hatching and predation events. Population
counts of overall abundance are organised annually
under the African-Eurasian Migratory Waterbird
Agreement management plan framework (Madsen
et al. 2017). Pink-footed geese modify vegetation
coverage and composition by their feeding mode,
grubbing, which removes plants by the root, and
causes vegetation disturbances (Fox et al. 2006;
Eischeid et al. 2021). Grubbing is mostly used as
foraging mode in mesic and wet moss tundra at
the time of snow melt and varies between years
depending on the timing of snow melt (Eischeid
et al. 2023). Therefore, grubbing occurrence is
monitored in the context of this and the vegetation
module. Moreover, Arctic fox abundances and
reproductive rates at goose colonies are monitored
under the Arctic fox module.

The ptarmigan module focuses on monitoring
of abundance and reproduction of Svalbard rock
ptarmigan, with climate and management as the
main drivers. In Svalbard, the rock ptarmigan is
endemic and the only resident herbivorous bird.

The climate impact path model predicts effects on
the ptarmigan population dynamics by variation
in the numbers of Arctic fox, reindeer (carcasses)
and geese as indirect mediators of climate impacts
either through predation (Arctic fox) or inter-specific
competition (geese) for selected food plants (Ims et
al. 2013). Marolla et al. (2021) parameterised the
conceptual ptarmigan model described in Henden
et al. (2017), by including both biotic and abiotic
drivers expected to impact population dynamics
(Figure A2) and exemplified the importance of
ecosystem-based monitoring and the application
of multi-driver statistical modelling to assess and
forecast the state of ptarmigan populations.
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The ungulate module focuses on monitoring of
abundance, demographics, vital rates and key life
history traits of the Svalbard reindeer, with climate
and management as the main drivers (Hansen et al.
2019b, www.mosj.no/no; Albon et al. 2017). The
Svalbard reindeer is endemic to Svalbard and the
only large herbivore in the archipelago. Monitoring
is carried out by manual field measurements of
population abundance, calving rates and mortality
(e.g., Hansen et al. 2019), capture-mark-recapture
studies (Albon et al. 2017; Veiberg et al. 2017) and
automated GPS transmitters tracking space use
of individuals in real-time (e.g., Loe et al. 2016;
Pedersen et al. 2023). Results of the module show
that population development differs between
regions depending on the balance of positive
effects of summer temperature and negative
effects of extreme winter weather, particularly
rain-on-snow (Hansen et al. 2019,).The research
highlights the importance of having long time-
series at different spatial and temporal scales and
individual-based data to understand critical life
history traits (Albon et al. 2017; Veiberg et al. 2017;
Pigeon et al. 2022). A key link of the ungulate
module to the climate monitoring network is the
network of ground temperature loggers, tailored
to reindeer habitat use (see Loe et al. 2016 for an

example of application), which contributes a suite of
ecologically relevant climate parameters (e.g., onset
of seasons, season length and mild winter spells)
for understanding climate impacts on the foraging
behaviour (Dwinnell et al. 2024) and energetics
(Trondrud et al. 2021) of Svalbard reindeer.

The Arctic fox module focuses on monitoring of
abundance, demographics, vital rates and key life
history traits of the Arctic fox, with climate and
management as main drivers. Data collection
of the module has developed from manual field
measurements (Fuglei et al. 2023) to automatic
cameras, improving data on occupancy rate of
breeding dens and the number of pups produced
each year (Fuglei et al. 2003; Eide et al. 2012; Nater
et al. 2021). It also includes satellite transmitters
to track seasonal habitat use and dispersal (Fuglei
and Tarroux 2019). Since changes in Arctic fox
population size affect the prevalence of zoonoses
in Svalbard, the module also includes automatic
camera monitoring, developed in cooperation with
COAT Finnmark (Molle et al. 2022) to capture
dispersal of the introduced East European vole
Microtus mystacinus, and the prevalence of the
zoonotic parasite Echinococcus multilocularis.

Long-term
monitoring data
(2005-2019)

Conceptual model: hypothesise
relationships and mechanisms
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Figure A2: The graphical abstract, from Marolla et al. (2021), shows the parametrisation of the climate impact path model
for the Svalbard rock ptarmigan where effects of manageable and non-manageable drivers on population dynamics were
estimated. The most influential explanatory predictor on population dynamics was winter temperature. As winters become
warmer, ptarmigans appear to benefit, likely because their energy needs for thermoregulation are reduced, which improves
body condition and survival, thereby buffering negative impacts from rainy winters and harvest.
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1. Introduction

Over the past decades, the Svalbard climate
has experienced a significant transformation
associated with Arctic Amplification (Spolaor et al.
2024). The overall rise in regional temperatures
has increased the frequency of extreme events
marked by persistent warm and moist air masses
during summer and, more recently, also during
winter (Dahlke and Maturilli 2017; Sobota et al.
2020). Such events are known as “warm spells” or
‘heatwaves”. In winter, they can bring prolonged
periods of exceptionally high temperatures, often
accompanied by “rain-on-snow” (RoS) events
(Wickstrom et al. 2020). From a meteorological
point of view, while warm spells refer to a persistent
period of abnormally warm weather at any time
during the year, heatwaves are defined in relation
to the highest values observed during the vear,
and in most climates their occurrence is more likely
during the warm season.
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These events pose numerous challenges to the
fragile Svalbard ecosystem and its inhabitants,
affecting environmental, ecological, and
socioeconomic aspects (Zdanowicz et al. 2023).
Sporadic, unpredictable extreme events impact
both coastal and inland areas of the Svalbard
archipelago (Vickers et al. 2022); they influence the
cryosphere and snow-free terrestrial ecosystems by
altering the snow-albedo feedback, accelerating the
hydrological cycle (Salzano et al. 2023), and increase
heat transfer to the permafrost. Assessment of the
effects of heatwaves and warm spells throughout
the snow’s accumulation and melting periods is
essential in order to understand their impact on
Svalbard'’s environment. AWARE highlights the key
role of multidisciplinary and integrated observation
infrastructures and of assessing the impact of
extreme events on the terrestrial cryosphere
(Christiansen et al. 2024).

2. Overview of existing knowledge

Due to its location in the North Atlantic Ocean,
the Svalbard archipelago experiences heatwaves
and warm spells which are frequently associated
with extraordinary liquid precipitation in winter,
i.e., the so-called RoS events (Rennert et al.
2009). In addition, the meridional temperature
gradient between the Arctic and the mid-latitudes
is gradually evening out, affecting the jet stream
structure (Francis and Vavrus 2015). Therefore,
cold air reaches lower latitudes, and warm air
reaches higher latitudes (Rennert et al. 2009).
In this context, elongated masses of humid air
travel over the North Atlantic Ocean, making this
region one of those most sensitive to intrusions
of warmer air masses from mid-latitudes (Isaksen
et al. 2016, 2022; Woods and Caballero 2016;
Dahlke and Maturilli 2017). Winter heatwaves are
characterised by the Eurasian-North American
temperature dipole, with higher-than-normal
temperatures in the Eurasian Arctic associated
with higher index values for the Arctic Oscillation

and the North Atlantic Oscillation (Wegmann et
al. 2020), which constitute the most dominant
atmospheric patterns in the North Atlantic realm.
However, due to their major zonal atmospheric
flow structure, their impact on Svalbard is debated
and has been reported as being only marginal
(Winther 2002). On the other hand, meteorological
and climatological parameters in Svalbard are
strongly influenced by circulation patterns with
a meridional flow structure, featuring enhanced
southerlies from mid-latitudes towards Svalbard.
Such patterns include Scandinavian Blocking, the
Arctic Dipole pattern, or the Barents Oscillation.
Such atmospheric configurations allow anomalous
geostrophic flow from the south towards Svalbard,
which often features the advection of anomalously
warm and moist air (Dahlke and Maturilli 2017),
clouds (Yeo et al. 2018), or even atmospheric rivers
(long, narrow streams of air with enhanced water
vapour content often associated with extreme
weather (Lauer et al. 2023)).
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While there is a growing understanding of
heatwaves and warm spells in Svalbard and their
consequences, significant uncertainties and research
gaps remain, particularly in regard to the long-term
ecological, environmental and socioeconomic
impacts. Knowledge about warm events in Svalbard
has expanded significantly in recent years. Scientific
research and monitoring programmes (Maturilli et
al. 2013; Peeters et al. 2019; Scoto et al. 2023) are
crucial for understanding and studying the effect
of heatwaves and warm spells in the archipelago,
and satellite remote sensing (Vickers et al. 2022),
ground-based observations (Peeters et al. 2019;
Nowak et al. 2021), and data re-analysis (Rinke et
al. 2017), are the essential tools used to observe
past, present and future temperature anomalies,
precipitation patterns, and changes in ice and
snow cover. The occurrence and frequency of
these extreme events have been suggested to
have increased in the last decade, partly due to
reduced sea ice extent (Lapointe et al. 2024)
that enhances water evaporation, exerting an
impact on atmospheric circulation and leading to
more frequent and intense heatwaves and warm
spells in Svalbard. Additionally, extreme weather
in the Arctic is often related to the occurrence
of extreme patterns in atmospheric circulation,
such as extreme cyclones. However, analyses
of long-term trends in extreme cyclones in the
Svalbard region show an unclear scenario, with
strong regional differences (Boisvert et al. 2016;
Rinke et al. 2017). Several studies document
that these events associated with rainfall have
negative effects of on herbivores, soil invertebrates,
vegetation growth, and on reproduction in some
species (Descamps et al. 2017). These events can
trigger physiological activity in typically dormant
organisms, such as lichens, which are activated
even during dark polar winters due to increased
heat and water transfer to the snow-ground
interface (Keuschnig et al. 2023). Conversely, some
ecological components like mosses, which thrive
under deep snow cover, become more exposed to
cold spells with a thinner, less insulating snowpack.
The primary impact of warm events on snow cover
is the formation of internal and basal ice layers
(in case of the simultaneous occurrence of liquid
precipitation), which have serious consequences

for reindeer (Serreze et al. 2021), the tourism
industry, and local Arctic communities (Forbes et
al. 2016). Winter extreme events and RoS disrupt
the snow season, affecting snow accumulation,
moistening, and ripening processes, as well as
triggering water runoff through the snowpack
(Sobota et al. 2020; Salzano et al. 2023; Scoto
et al. 2023). The presence of water implies state
transformations and heat transfer processes at the
snow-ground interface, leading to soil warming and
potentially to early permafrost thawing. Identifying
RoS events is straightforward, although a clear and
accepted definition is still missing, but assessing
their repercussions on the environment, economy,
and local populations requires further investigation
and a broad approach that integrates and analysis
datasets from multiple disciplines.

2.1. Enhancing the definition of
heatwaves and warm spells for
the Svalbard region

Researchers need to agree on the definition of a
specific climate phenomenon, and align the methods
used to explore it in historical datasets. According
to the World Meteorological Organization, a
heatwave is defined in relation to the highest
temperature normally observed during the year and
therefore is most likely to occur during the warm
season in most climates. Thus, a heatwave can be
described as a period of unusually hot weather
compared to the 30-day average of the study
location, that persists for at least two consecutive
days, and that poses a potential threat for the local
population. Similarly, a warm spell refers to a period
of unseasonably warm weather, typically occurring
during the cooler seasons: autumn, winter, or
early spring. Warm spells can last for a few days
or even longer, and are often caused by unusual
atmospheric conditions, such as a high-pressure
system trapping warm air over a region. The above
definitions have a stronger connection to mid-
latitude regions, and for the Arctic as well as for
Svalbard, they need to be adjusted. Therefore, in the
present work, we propose a set of key definitions,
which will be essential for standardising available
datasets as well as detecting the occurrence of
climate phenomena in the Svalbard archipelago and
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assessing how these phenomena have evolved over
the past few decades. This terrestrial cryosphere
approach targets the impacts of warm events
during the snow season, emphasising their role in
triggering intense snow melt and their associated
environmental consequences rather than focusing
on the meteorological intensity of each single
event. According to the methodology of Dobricic
et al. (2020), the following metrics are defined to
facilitate the identification of potential changes in
the frequency and intensity of these events:

Cryosphere Warm Spell (CWS): A Svalbard
cryosphere warm spell refers to a persistent period
of at least 5 days of abnormally warm weather for
the time of year, during which the daily average
temperature exceeds the 90th percentile threshold
of climatological daily average temperatures. This
is centred on a 31-day window and based on the
decade before the year being investigated.

Cryosphere Heatwave (CHW): A Svalbard cryosphere
heatwave refers to a persistent period of at least
2 days (but no more than 4 days) of abnormally
warm weather for the time of year, during which
the daily average temperature exceeds the 90th
percentile threshold of climatological daily average
temperatures. This is also centred on a 31-day
window and based on the decade before the year
being investigated.

Rain-on-Snow events (RoS): RoS events occur
when rain falls and freezes onto an area with
uninterrupted snowpack, forming an ice crust.
Precipitation is considered as rain when the air
temperature is equal to or above 1°C (based on
Jennings et al. 2018).

Seasonal accumulated Rain (SR): Daily averaged
integrated liquid precipitation (defined as the total
amount of precipitation at temperatures above
1°C) during the snow season (as defined below).

Days Above Zero (DAZ): The number of days during
the snow season when the mean air temperature
is above 0°C.

1 https:/seklima.met.no/
2 https:/doi.org/10.1594/PANGAEA.914979
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Positive Degree Days (PDD): The sum of the number
of degrees by which daily average temperatures
exceeded 0°C over a given time period or during
the snow season.

Regarding the AWARE SESS report and the
determination of temporal changes in the
occurrence of CHW and CWS, we define the
snow season as extending from 1st October to
31st May of the following year (e.g., 1 Oct 2020
- 31 May 2021). CHW and CWS will be evaluated
based on data collected between 1995 and 2023,
a period for which time series of meteorological
observations from Ny-Alesund and Hornsund
Research Stations are available.

2.2. Frequency of RoS, CHW and
CWS in Ny-Alesund and
Hornsund

At least two different data sources can be
considered to detect CHW and CWS during
each snow season of the investigated period.
Meteorological observations are provided by
research stations at the selected sites, and datasets
are accessible through public web portals such
as SEKLIMA or additional data repository like
PANGAEA. We considered stations operating since
the 1980s in Spitsbergen featuring air temperature
and precipitation at least at daily resolution. The
available stations on SEKLIMA are Hornsund
(SN99754), Ny-Alesund (SN99910), Isfiord Radio
(SN99790) and Svalbard Lufthavn (SN929840).
While all these sites had robust scientific
observations, snow research activities were limited
at Isfiord Radio and Svalbard Lufthavn, and they
will be not considered for this review chapter.
Additional stations are outside Spitsbergen, located
at Hopen (SN99720) and Kongsaya (SN99740).
The second data source is based on atmospheric
re-analysis, where observations and satellite data
are assimilated into a modelled spatial grid (e.g.,
CARRA, ERA5). For Ny—Alesund, we considered
time series on precipitation and air temperature,
supported by MET Norway1 20ur analysis focused
on above-zero conditions, potentially leading to
rain precipitation. The meteorological data analysis
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Figure 1: PDD (positive degree day) and SR (Seasonal accumulated Rain) during the snow season for Ny-Alesund (solid
green line) and Hornsund (dashed yellow line) from 1995 to 2023.

showed an increase in above-zero days during the
snow season from about 20 days in the 1980s to
more than 30 days in the 2020s (Figure 1).

Accordingly, the amount of heat estimated
through the Positive Degree Day (PDD) metric
also increased, from around 30°C in the 1980s
to more than 60°C between 2010 and 2023.
Although the number of both CWS and CHW
warm events remained relatively stable (between
5 and 10 per year), additional metrics indicated a
rise in the duration of these events as well as in the
occurrence of rain precipitation: the average PDD
per event was around 3°C in the 1980s, but rose
to almost 9°C in the last decade, with the duration
of individual events almost doubling from 2 days
to approximately 4 days. Another noticeable trend
is the increase in humidity during these events.
This clearly indicates a growing frequency of moist
and warm air masses reaching the Arctic site. The
same analysis was conducted in Hornsund, using
data from IG PAS, which are also available through
SEKLIMA and PANGAEA. The number of days
above zero (DAZ) during the snow season doubled
from 22 days in the 1980s to more than 40 days
in the 2020s, increasing the amount of heat
estimated through the Positive Degree Day (PDD)
metric, which rose from approximately 30°C in the
1980s to over 70°C during the snow season in the
last decade. Observations corroborate the trends
observed at Ny-Alesund, though Hornsund showed
only a slightly higher recent PDD compared to the
past (from 3°C per event in the 1980s to 4.7°C in

recent years) and less pronounced increases in the
duration of single events (from 2.7 days to 3.1 days).
Additionally, the proportion of precipitation that fell
as rain at Hornsund increased more than it did in
Ny-Alesund: while Hornsund received about 30%
as rain in the 1980s and over 46% more recently;
Ny-Alesund received about 18% as rain in the
1980s and 22% in recent years. Looking at CHW,
CWS and RoS events, we reviewed the SEKLIMA
datasets in order to gain homogeneous data
sources and workflow from 1993 to 2023 (Figure
2). CHW and CWS were computed considering a
30-year reference climatology (1993-2023) both
for Hornsund and Ny-Alesund. The southernmost
site highlighted a decadal trend. In 1993-2003,
there was about one CHW per season and RoS
occurred for about 6 days per season. For the last
ten years (2013-2023), the same site showed a
lower occurrence of short duration events (CHW)
(fewer than 4 events in all), with an increase of more
persistent conditions (CWS) and warmer air masses
(more than 4 events). There was also evidence of
an increased occurrence of moist air masses, with
more than 20 days with RoS in the last decade.
In northwestern Svalbard, Ny-Alesund showed a
slightly different pattern, with usually less than 4
CHW per season: in fact, between 1993 and 2003,
there was often one CWS per season, and RoS
occurred on average less than 10 days per season
in the whole 30-year period 1993-2023. Over the
last ten years (2013-2023), short-duration events
(CHW) and persistent conditions (CWS) increased
to slightly more than 10 events per season, with
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RoS events significantly increased to more than 15
days per season.

The results shown in this SESS report are based on
a safe approach using a fixed 30-year climatology
(reference window), but this approach might prove
not to be the most apt to identify these types
of events, since phenomena that were generally
considered unusual 30 years ago may be common
at the present time. Future analysis will need to
consider different approaches, using reference
windows and both fixed and moving statistics, thus
raising an additional discussion on how to define
statistical thresholds for detecting extreme events.
Recent warming has notably impacted the 90th
percentile threshold used to define these events,
especially during winter, when temperatures have
increased by up to 4°C. Further analyses are
planned to develop investigations specific to the
cryosphere.

2.3. Assessing the spatial occurrence
of Rain-on-Snow using data re-

analysis

One of the primary advantages of re-analysis
products is their ability to expand spatial coverage
beyond data retrieved solely from automatic
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weather stations typically associated with research
stations. We tested the feasibility of using this
type of analysis on above-zero metrics from the
Ny-Alesund site, comparing AWI observations
with CARRA outputs, focusing on DAZ and PDD.
Comparison of the re-analyses performed with
CARRA, and the in-situ data shows significant
agreement (Figure 3), laying the groundwork
for using re-analysis products to extend the
evaluation of CHW, CWS, and RoS across the
entire archipelago. Although the scarcity of in-situ
data for verification of CARRA results introduces
uncertainty, we chose to extrapolate to broader
regions. This approach might allow us to assess the
extent of the archipelago affected by RoS events
and even to produce statistics on their occurrence
over longer periods (seasons, years, or decades).
These tools would greatly aid in understanding
which areas of the archipelago are more susceptible
to RoS occurrences. However, re-analysis products
are not limited to detecting RoS events but might
also be used to evaluate the spatial and temporal
evolution of several meteorological parameters
and events, such as CHW or CWS. Nevertheless,
a common and shared definition, along with a
standardised statistical approach, needs to be
prepared to unify results derived from both in-situ
observations and re-analysis products.
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Figure 2: Year CHW (dashed red line), CWS (dashed yellow line) and RoS (Rain-on-snow, blue line) events during the snow
season for Hornsund (panel a) and Ny-Alesund (panel b) from 1995 to 2023.
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2.4. Assessing the impact of extreme
events using Remote Sensing

Snow cover monitoring in Svalbard is a major
challenge, although several technologies support
the remote sensing of cryospheric components. An
overview of the available monitoring opportunities
is given by Zdanowicz et al. (2023) and specific
SESS chapters have reviewed different aspects of
those techniques (Salzano et al. 2021b; Karlsen et
al. 2021). The snow-covered area (SCA) represents
the primary feature influenced by extreme events
and can be assessed through several products on
platforms such as Suomi NPP, POES, Terra/Aqua,
Landsat and Sentinel. The seasonality of the snow
cover can be approached by integrating sensors
with different spatial (from 10 to 500 metres and
more) and temporal (daily or weekly) resolutions,
but ground-based and airborne remote sensing are
key data sources for the identification of critical
thresholds related to process triggering. For data
on the snow water equivalent (SWE), which is
key information for assessing RoS events, various
passive microwave sensors have been available
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since the 1980s. Unfortunately, applications in
Svalbard are limited due to the gaps in spatial
resolution and to problems related to satellite
data processing. L-band SAR technologies will
become more available with upcoming missions,
such as NISAR (NASA) and ROSE-L (ESA), and
their products are bound to offer intriguing
opportunities. Although snow depth or height (HS)
might constitute a major essential variable, the
use of satellite data still presents some difficulties,
although attempts have been made to measure
HS at a global scale using the ratio between co-
and cross-polarization backscatter from Sentinel-1
observations (Lievens et al. 2019). Airborne LIDAR
can be a successful tool aimed at obtaining high-
resolution snow depth measurements. Nonetheless,
limiting issues are to be taken into consideration
due to the overflights being infrequent. As for
liquid water content (LWC), the identification of
wet snow is a valuable parameter for assessing
the impact of extreme events in Svalbard: in fact,
historical datasets based on scatterometer data
were used to detect wet snow on Svalbard using
Quikscat at a coarse resolution (2.5 km) (Rotschky
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Figure 3: Comparison between the metrics DAZ (days above zero, panel a) and PDD or SPD (Positive degree days or Sum
positive degrees, panel b) obtained by using in-situ observations and re-analysis outputs in Ny-Alesund. Panel ¢ shows the
number of RoS events using a threshold at T=1°C for the period 1 November-30 April, averaged for 2000-2020 (adapted

from Vickers et al. 2022).
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et al. 2011), but Sentinel-1 C-band SAR is also an
option in order to map wet snow with a ~100 m
resolution (Vickers et al. 2024). Lastly, Sentinel-1
data can be used assess snow avalanche activity in
Svalbard thanks to the availability of different mode
data providing different specifications for this task.
For example, the Sentinel-1 EW mode features a
resolution that is considered as too low to detect
small to medium-sized snow avalanches (Wesselink
et al. 2017), whereas the Sentinel-1 IW mode
features sufficient spatial resolution but presents
some limitations in terms of overpass timing.
Hyperspectral sensors are becoming state-of-the-
art tools available in spaceborne (PRISMA, EnMAP)
or airborne (SIOS’ airborne facility) platforms and
their data represent a key asset for monitoring
the occurrence of different types of snow cover.
In view of this, data collection in the future may
offer intriguing new possibilities thanks to novel
instruments and next-generation platforms. The
next generation of Sentinel-1 satellites will likely
feature an improved spatio-temporal resolution,
implying improved capabilities for the specific tasks.
On a larger scale, the wide range of different data
sources will significantly contribute to finally solve
the multi-scale gap between satellite observations
and in-situ measurements.

2.5. Potential consequences of
CHW and CWS on glacier mass
balance

Warm spells and Arctic heatwaves significantly
impact glacier mass balance in the Svalbard region
(kupikasza et al. 2019). These warm periods lead
to temperatures rising above average for extended
durations, causing direct winter melting of glacier
surfaces, particularly in the lower parts of the
glaciers. During these warm spells, precipitation that
would normally fall as snow may instead come as
rain, which reduces the snow accumulation crucial
for maintaining glacier mass. Snow contributes
to glacier mass by adding layers of ice over time.
When rain falls on snow, especially during RoS
events, it can freeze and form an ice crust. This
crust reduces the insulating properties of the snow,

REVIEW

leading to more melting beneath the surface.

As the annual snowpack melts, it often exposes
darker surfaces, such as meltwater pools, debris,
and particles, which absorb more sunlight. This can
accelerate the melting process during the melting
season, from late spring through summer. The
meltwater generated during these warm periods
also increases surface runoff, contributing to further
glacier mass loss. This meltwater can lubricate the
glacier’s base, particularly in temperate glaciers,
potentially speeding up glacier movement and
leading to calving of icebergs from glaciers that
reach the sea, also during the cold season.

These warm periods can also disrupt the usual
seasonal cycles of snow accumulation and
melting, pushing the equilibrium line—the point
where the glacier gains and loses mass equally—
higher. This shift results in a larger glacier area
being in the melting zone. The CHW and CWS
are usually associated with intense precipitation
leading to an imbalance between the higher snow
accumulation in the upper portions of the glaciers
and less accumulation in the lower parts. If this
disproportion persists for extended periods—years
to decades—it could eventually modify glacier
dynamics and increase its flow speed. In addition,
the precipitation associated with warm spells and
heatwaves, even if it falls as snow in the upper
parts of glaciers, typically occurs at relatively warm
temperatures. For example, in 2023, a warm spell
from April 6th to April 17th caused intense melting
on the western Svalbard coast but resulted in heavy
snowfall at the summit of the Holtedalfonna glacier
(1100 m a.s.l.). However, the precipitation occurred
at temperatures between -3 and -5°C, forming a
relatively warm snowpack on the glacier surface
with potential impacts on the glacier’'s thermal
properties. Finally, the effects of winter RoS events
extend beyond the glaciers themselves. Intense RoS
events can cause an influx of fresh meltwater into
coastal and marine ecosystems during winter or
early spring, potentially altering these environments
and affecting marine life and local ecosystems and
might hasten the algae bloom in the coastal region.
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2.6. Potential consequences of
CHW and CWS on snow cover
dynamics and the hydrological

system

The dynamics of snow cover are significantly
influenced by warm spells and heatwaves, largely
due to the higher likelihood of RoS events during
these times (Gallet et al. 2018; Salzano et al.
2021a). Temperature spikes can alter the internal
thermal gradient of the snowpack, changing its
physical structure and ultimately also the load of
chemical species contained (Scoto et al. 2023). This
results in processes like preferential metamorphism,
surface melting, and the formation of internal
ice layers, usually near the surface, along with a
general densification of the snowpack. When RoS
events coincide with CWS, their impact is even
more pronounced. The snowpack may undergo
extensive melting and compaction, warming
throughout its depth and becoming isothermal
at the melting point (Scoto et al. 2023). When
atmospheric temperatures drop after the warming
event, the presence of meltwater and/or rainwater
can lead to the formation of ice crusts on the
snowpack’s surface but also of internal ice layers
and basal ice. The latter can significantly impact on
the local fauna since it seals the ground, limiting
access to vegetation beneath the snowpack.
Typically, the hydrological system in winter is
slowed or inactive due to cold temperatures, but
a rise in temperature along with snowmelt and
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Figure 4: Surface hydrological features observed by Sentinel 2

liquid precipitation can reactivate it, particularly
in coastal areas (Figure 4). This winter reactivation
of the hydrological system has implications for
coastal environments, altering the microbiological
communities within the snowpack and causing an
early release of nutrients and contaminants trapped
in the snow. Furthermore, the winter melting can
lead to increased permafrost thawing, and although
some recent findings suggest only a moderate
effect (Magnusson et al. 2024), winter melting may
cause increased thawing of permafrost, which can
destabilise the ground, leading to landslides and
erosion.

Dust and carbonaceous particles, such as black
carbon, which are hydrophobic, tend to remain
suspended on the surface of the snowpack,
decreasing its overall albedo. A lower albedo
means that more solar energy is absorbed, leading
to further warming, and accelerating the melting
process. This feedback loop can intensify the effects
of warm spells and heatwaves on snow cover (Berto
et al. 2021). Finally, the formation of internal ice
layers within the snowpack (that can contribute to
the formation of weak layers in the snowpack if the
necessary meteorological conditions follow, e.g.,
prolonged spells of cold weather with a shallow
snowpack), and accelerated melting within the
snowpack can make the snow structure unstable.
This increases the risk of avalanches, which poses
a danger to human life, infrastructure, and wildlife,
especially in mountainous regions.

(a) before and (b) after the RoS event that occurred on 28
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In the Kaffigyra region of NW Spitsbergen, research
focused on a detailed analysis of RoS events during
the winter season (November-April), specifically
on Waldemarbreen and Irenebreen glaciers.
The intensity and frequency of RoS events were
evaluated, along with their long-term variability
from 1976 to 2018. The study identified a
relationship between RoS events and the properties
of the snow cover on these glaciers, particularly
changes in the number and thickness of ice layers
and snow density, which significantly influence the
winter snowpack and the timing of snowmelt.

This research represents some of the first
studies of this type in glacier forefields, exploring
changes occurring on glaciers. It also found that
the frequency and intensity of RoS events have
increased in recent years. The number of days with
heavy RoS events—mainly over 15 mm of rainfall,
but also under 15 mm—has risen. RoS events
affect the formation of ice layers, with heavy RoS
events contributing to the development of thicker
ice layers. Additionally, the increase in RoS events
is associated with a decrease in snow density on
glaciers (Sobota et al. 2020).

2.7. Potential consequences of
CHW and CWS on the microbial
community in snow

Microbial communities, which include bacteria,
viruses, fungi, and other microorganisms, play a
crucial role in the biogeochemical cycles of polar
ecosystems. The relative warmer temperatures
associated with heatwaves can lead to melting
snow, which alters the physical structure of
the snowpack. As the snow melts, liquid water
becomes more prevalent within the snowpack,
creating conditions that are more conducive to
microbial activity (Keuschnig et al. 2023). The
presence of liquid water can increase the metabolic
rates of microbes, leading to enhanced microbial
growth and reproduction. This can cause shifts
in the composition and abundance of microbial
communities, potentially favouring those species
that are more adapted to warmer and wetter
conditions (Malard et al. 2021). Additionally, the
melting snow can make available nutrients that were
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previously trapped within the snow grains. These
nutrients, such as nitrogen and phosphorus, can
provide an additional food source for the microbes,
further stimulating their growth. However, the
increased availability of nutrients can also lead
to the proliferation of specific microbial species,
potentially reducing biodiversity and altering the
overall balance of the microbial ecosystem. The ice
layers formed because of RoS events can create
physical barriers within the snow, restricting the
movement of microbes and the diffusion of gases
and nutrients and reduce the oxygen availability
within the snow, leading to anaerobic conditions
that favour certain types of microbes, such as those
that produce methane. Moreover, the increase
in temperature can also disrupt the dormancy
patterns of some microorganisms. Many microbes
in the Arctic are adapted to survive in a dormant
state during the long, cold winter months. However,
warm spells can prematurely wake these microbes
from dormancy, potentially leading to a mismatch
between microbial activity and the availability of
nutrients and other resources. This could have
downstream effects on the timing and magnitude
of microbial processes, such as the decomposition
of organic matter. Moreover, the consecutive
refreezing at the end of the RoS can also influence
the microbiological community by altering water
availability and the distribution of nutrients,
affecting microbial growth and metabolism as well.
Freezing and thawing can also directly increase the
mortality of certain species, potentially leading to
shifts in diversity and richness, with the selection
of more resistant organisms. This has the potential
to impact biodiversity and community resilience.
The impacts of heatwaves and warm spells on the
snow microbiome affect the interactions between
microbes and other organisms, such as snow algae
and higher trophic levels, potentially altering the
entire food web.

2.8. Potential impact of CHW and
CWS on the fate of pollutants
and impurities in atmosphere
and snow

In Svalbard, the occurrence of CHW and CWS
events is characterised by specific atmospheric
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configurations that promote long-range transport
from mid-latitudes into the higher latitudes. As
described previously, rapid air mass movements
from mid-latitudes to the high north can carry
compounds, contaminants, and impurities into
the Arctic, increasing their presence in the region.
Warm spells and heatwaves could thus have a dual
effect on the fate and behaviour of pollutants: they
promote long-range transport from mid-latitudes
while simultaneously facilitating the release of
pollutants from the snowpack into the hydrological
system and surrounding environment, including
permafrost and coastal ocean waters. These
periods of elevated temperature can alter the
distribution, concentration, and chemical behaviour
of contaminants, impacting their environmental and
health effects. In the atmosphere, warm events can
increase the volatility of certain pollutants, such as
volatile organic compounds, mercury, and persistent
organic pollutants. These substances can more
readily evaporate and disperse into the air when
temperatures rise, leading to their redistribution
over large areas. Elevated temperatures can also
accelerate photochemical reactions, resulting in
the formation of secondary pollutants like ozone
and fine particulate matter (PM2.5), which can
affect air quality. In the snowpack, CHW and CWS
and the likely associated RoS events can lead to
melting and early percolation of pollutants trapped
in the snow. As the snow melts, contaminants
like black carbon, dust, and other impurities that
were previously bound within the snowpack can
be released or resuspended into the snow surface.
Meltwater resulting from the RoS events can carry
these pollutants into nearby water bodies where,
if a cold spell ensues, they can be trapped again
in this terrestrial aquatic environment. This can
have ecological consequences, causing an early
introduction of harmful substances into aquatic
ecosystems, affecting the health of organisms, and
potentially entering the food chain. The formation
of ice layers after a RoS event can also affect the fate
of pollutants. These ice layers can trap impurities
within the snowpack, slowing their release into the
environment. However, when the ice eventually
melts, it can lead to a concentrated release of
pollutants, resulting in pulses of contamination that
can overwhelm local ecosystems.

2.9. Socioeconomic activities

Warm spells and heatwaves can have profound and
multifaceted impacts on socioeconomic activities
in Svalbard. In the tourism sector, while warmer
temperatures might extend the season for activities
such as hiking and sightseeing, which could benefit
summer tourism, they could also have adverse
effects on winter/spring activities that are vital to
the region’s economy. Snowmobiling, ski touring,
and dog sledding, which are central attractions
in Svalbard in the present climate, could face a
shortened season or diminished quality due to
reduced snow cover. The impact on wildlife due
to warmer temperatures can also influence eco-
tourism. Changes in animal behaviour and migration
patterns might affect the viewing opportunities for
tourists and potentially disrupt local ecosystems.
For example, if wildlife migrates earlier or shifts its
range due to changing temperatures, tourists may
not experience the wildlife encounters they expect,
reducing the appeal of eco-tourism experiences.
Infrastructure is another area significantly affected.
Melting ice and snow can damage infrastructures,
creating safety hazards and logistical challenges,
disrupting both daily life and economic activities.
Additionally, thawing permafrost can cause ground
subsidence, impacting the stability of roads,
buildings, and other structures, including harbours
and transportation routes, potentially increasing
maintenance and repair costs and requiring costly
adaptations. In addition, an intense warm spell
associated with elevated liquid precipitation could
cause flooding or increase the avalanche risk, which
poses a danger to both residents and tourists.
Overall, the impacts of warm spells and heatwaves
on Svalbard’s socioeconomic activities are broad
and interconnected. They impact on tourism,
infrastructure, and public health, highlighting the
need for adaptive strategies to mitigate these
effects. Ensuring that infrastructure is resilient to
changing conditions, preparing for shifts in wildlife
patterns, and addressing public health concerns
are crucial for maintaining the well-being of both
residents and visitors in Svalbard.
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3. Contributions to interdisciplinarity

Svalbard heatwaves and warm spells can have
widespread impacts due to their ability to rapidly
alter the region’s average meteorological and,
to some extent, climatological conditions. The
goal of the AWARE SESS report is to provide
background information on the frequency of these
events by analysing long-term monitoring data
from Ny-Alesund and Hornsund. Additionally, this
chapter outlines a framework for a comprehensive
working model that integrates in-situ observations,
remote sensing data, and re-analysis datasets to
capture a complete overview of the occurrence and
impacts of winter warm spells and RoS events in
Svalbard. This integrated approach will serve as the
foundation of the study, providing robust scientific
evidence to evaluate whether the frequency and
intensity of these events are indeed on the rise.

The impact of Svalbard warm spells (CWS),
heatwaves (CHW), and associated RoS events is
extensive, as they modify the average conditions
of the archipelago with broad implications for its
environment. This document primarily explores
the consequences of these events on snow cover
processes. However, additional research is needed
from an ecological perspective to assess whether
these events affect the seasonal migration patterns
or habitats of local fauna. Moreover, these events
can contribute to the greening phenomenon,
accelerating the expansion of vegetation due to

4. Unanswered questions

A potential increase in the frequency of atmospheric
phenomena that bring warmth to the Arctic raises
several scientific questions particularly given the
links to other disciplines. At present, we wish to
focus on the following:

1. Could Arctic heatwaves increase in frequency
and become a normal atmospheric condition in
the future, in response to sea ice retreat and
Arctic Ocean warming?

early snowmelt and potentially leading to shifts
in the vegetal species present in the archipelago.
Another aspect to consider is the intensified
atmospheric circulation associated with these
events, which can increase the transport of
pollutants from mid-latitudes. Alien species could
potentially also be transported and, given the
forecasted increase in temperatures, become
established in Svalbard’s ecosystems.

Furthermore, these events alter surface air
exchange, and could thus alter atmospheric
composition, affecting chemical reactions and
influencing atmospheric chemistry. There is also
a need to strengthen the connection between
the snow community and oceanographic systems,
as these events could impact surface water
composition and lead to an earlier release of debris
into the ocean.

Another important aspect to consider is the impact
of extreme events on sea ice. These events are often
associated with strong southward winds, which
can break up sea ice formed during the winter and
move it away from coastal regions, thus potentially
altering the hunting areas of polar bears. While this
effect might be secondary compared to the overall
reduction of Arctic sea ice and the sea ice around
Svalbard, it is still of potential significance for the
polar bear population.

2. Could Arctic heatwaves significantly affect the
annual load of pollutants transported from
mid-latitudes and impact the health of the
ecosystem?

3. Could the heatwaves and warm spells associated
with RoS events modify the coastal hydrological
cycle, with consequences for pollutant and
nutrient release into surface ocean waters and
phytoplankton blooms?

9 AWARE

223



4. Could warm spells and heatwaves play a

significant role in the greening phenomenon of
the Svalbard archipelago and in the early release
of greenhouse gases from the permafrost?

5. Could warm spells and heatwaves accelerate

the cycling of glacier surging, by unbalancing
the annual accumulation?

5. Recommendations for the future

e Develop universally accepted definitions,

metrics, atmospheric and snowpack parameters,
and statistical approaches to identify these
events in the Svalbard Archipelago, and, more

the variability of these phenomena, including
their impact on the cryosphere (ideally, these
locations could be identified in Ny—AIesund,
Longyearbyen, and Hornsund).

broadly, in the Arctic (and potentially the e Expand the study of Svalbard heatwaves and
Antarctic) regions by an active dialogue with their impacts on the ocean, including their effects
WMO. on water stratification and sea ice dynamics; on
Enhance by equipping existing automatic permafrost, particularly early thawing; and on
weather stations with sensors for measuring biota, focusing on consequences for local fauna
snow height, snow water equivalent, snow and Arctic greening and engage with the local
temperature, and liquid water content, in order community to discuss potential repercussions
to better link atmospheric conditions with the on Svalbard'’s society.

cryosphere compartment in relation to rapid e Develop a working model to assess the

warming events.

Identify three regions in the Svalbard Archipelago
for three long-term supersites to establish and
support the study of the spatial occurrences and

impacts of Cryosphere Heatwaves (CHW)
and Cryosphere Warm Spells (CWS) and to
potentially predict their occurrence based on
meteorological forecasts.

6. Data availability

Dataset Parameter Period Location Metadata access (URL) Dataset provider

Air Temperature at | Air T (air 2023 | Ny-Alesund | https:/doi.pangaea.de/10.1594/ AWI

Ny-Alesund temperature) PANGAEA.914979

Snow height at the | HS (height 2023 | Ny-Alesund | https:/metadata.iadc.cnr.it/ CNR

Gruvebadet Snow snow) geonetwork/srv/eng/catalog.

Research Site (Ny- search;jsessionid=4996E2AC

Alesund, Svalbard, F102C3992CDD05547C688

Norway) 126#/metadata/319eb7d4-
70c8-42b1-8f2b-91da8b42f8df

Snow Water SWE (snow 2023 | Ny-Alesund | https:/metadata.iadc.cnr.it/geonetwork/ | CNR

Equivalent at the water srv/eng/catalog.search;jsessionid=

Gruvebadet Snow equivalent) E314220977B1BE48C87E8F5CD2B0OE

E{esearch Site (Ny- E5F#/metadata/73651cf8-a0df-4585-

Alesund, Svalbard, 8a8a-131547545e52

Norway)

Ensembled FSCA 2023 | Ny-Alesund | https:/metadata.iadc.cnr.it/geonetwork/ | CNR

terrestrial FSCA in (Fractional srv/api/records/236a77a6-58e4-438e-

the Bayelva area snow cover) 8636-01d466db7037

Snow height in HS (height 2023 | Hornsund https:/zenodo.org/records/13754687 IG PAS

Hornsund snow)

Snow Water SWE (show 2023 | Hornsund https:/zenodo.org/records/13754687 IG PAS

Equivalent in water

Hornsund equivalent)
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https://doi.pangaea.de/10.1594/PANGAEA.914979
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https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search;jsessionid=E314220977B1BE48C87E8F5CD2B0EE5F#/metadata/73651cf8-a0df-4585-8a8a-131547545e52
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search;jsessionid=E314220977B1BE48C87E8F5CD2B0EE5F#/metadata/73651cf8-a0df-4585-8a8a-131547545e52
https://metadata.iadc.cnr.it/geonetwork/srv/eng/catalog.search;jsessionid=E314220977B1BE48C87E8F5CD2B0EE5F#/metadata/73651cf8-a0df-4585-8a8a-131547545e52
https://metadata.iadc.cnr.it/geonetwork/srv/api/records/236a77a6-58e4-438e-8636-01d466db7037
https://metadata.iadc.cnr.it/geonetwork/srv/api/records/236a77a6-58e4-438e-8636-01d466db7037
https://metadata.iadc.cnr.it/geonetwork/srv/api/records/236a77a6-58e4-438e-8636-01d466db7037
https://zenodo.org/records/13754687
https://zenodo.org/records/13754687
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1. Introduction

Climate change is amplified in the Arctic region
(Rantanen et al. 2022) with the strongest signal
present in increased near-surface temperature
trends. Arctic aerosol composition is influenced by
a complex web of environmental and atmospheric
feedbacks and socio-economic responses.
Moreover, in response to increasing temperature,
both the environment and the economy of the
Arctic are rapidly changing.

Arctic air receives aerosol both from source regions
at mid-latitudes, which are mainly anthropogenic,
and local sources that are mainly natural (Schmale et
al. 2022). The impact of both sources is influenced
by global change, which differs in intensity in
different parts of the Arctic: for this reason it is
important to have a picture of the available data
from the whole Arctic.

Trace gas and aerosol budgets in the Arctic are
heavily influenced by natural emissions in the region,
including species emitted from sea ice, snow, open
water, and land. For example, dimethylsulphide
(DMS) emissions from the open ocean/ice edge
are oxidised to sulphate in the atmosphere,
forming new particles and contributing to growth
of existing aerosols (Schmale and Baccarini 2021
and references therein).

As warming of the Arctic continues, sea ice and
snow cover retreat, it is expected that biogenic
emissions of aerosol precursors both from
phytoplankton (Becagli et al. 2019) and terrestrial
vegetation will increase (Petdja et al. 2022; Tobo
et al. 2024). This may lead to increased biogenic
aerosol concentrations (Pernov et al. 2024: Tobo
et al. 2024). It has been shown that new aerosol
particles formed from biogenic emission may
increase the number of cloud condensation nuclei
(CCN) and ice nucleation particles (INPs) (Kulmala
et al. 2014; Beck et al. 2021; Tatzelt et al. 2022).
CCN play an important role in the formation of
clouds, while INPs alter the phase state (frozen
or liguid) of cloud droplets, which affects cloud
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radiative properties (Vergara-Temprado et al.
2018). Furthermore, cloud glaciation influences the
precipitation formation and dissipation of clouds
(Tatzelt et al. 2022 and references therein). As a
consequence, changes in cloud radiative properties
and cloud lifetime impact Earth’s climate (Murray et
al. 2012).

Another consequence of the Arctic sea ice loss
is the increased accessibility of the Arctic. As
Arctic sea ice thins and retreats, it is expected
that new shipping routes within the Arctic Ocean
will seasonally open up, substantially decreasing
transport distances between Asia, North America,
and Europe!. A detectable increase in particulate
matter concentrations at Resolute Bay on remote
Lord Cornwallis Island in Canada has been
associated with ship traffic in the newly accessible
Northwest Passage (Aliabadi et al. 2015). Similar
increases have been associated with cruise ship
traffic near Svalbard in the Norwegian Arctic
(Eckhardt et al. 2013; Conca et al. 2019) and are
evidenced also in northern Greenland (Becagli et
al. 2020). In addition, a large portion of the Earth’s
undiscovered oil and gas is predicted to be under
the Arctic Ocean floor and will be increasingly
utilised in the future (Peters et al. 2011; Gautier
et al. 2009). Population numbers, associated
urbanisation, infrastructure development, and
mining activities are also expected to increase
in the Arctic (Andrew 2014), adding further
local emissions of pollutants. The emerging local
sources have recently been identified and shown
to influence atmospheric composition on local and
regional scales (Roiger et al. 2015; Becagli et al.
2020) but are poorly quantified.

Unless compensated by tighter pollutant emission
controls, these increasing activities will cause
additional local emissions of air pollutants to those
transported from mid- and high-latitudes especially
in spring (Arctic haze). The Arctic haze phenomenon
was evidenced for the first time in the late 1800s
(Nordenskiold 1883: Garrett and Verzella 2008),

1 https:/gcaptain.com/chinese-container-ships-take-arctic-shortcut-avoiding-red-sea/

10 AAA-Source

229


https://gcaptain.com/chinese-container-ships-take-arctic-shortcut-avoiding-red-sea/

230

but it was not until the late 1970s that it became
possible to determine through chemical analyses
that the haze was anthropogenic in origin and was
a result of long-range transport from northern
hemisphere mid-latitudes, occurring so far mainly
in winter and especially in spring, when the low
pressure system is strong over the Arctic. It is
thought that mid-latitude emissions (from Europe,
Asia, and North America) are currently the main
source of air pollutants in the Arctic (Stohl 2006;
Sharma et al. 2013). However, sources of pollution
within the Arctic or the nearby sub-Arctic (defined
here as “local”) are already important in some
regions (e.g., Stohl et al. 2013), and may rapidly
become even more so in the future (Peters et al.
2011).

Another effect of Arctic warming is an increase
of the extent of land not covered by snow or
ice sheet. This can lead to an increase of natural
and human-influenced open fires emitting large
quantities of trace gases and aerosols within and
near the Arctic (e.g., Warneke et al. 2009, 2010).
Both the frequency and geographic distribution
of these fires is expected to increase in a warming
climate (McCarty et al. 2021; Schmale et al. 2022).
Wildfires in forest and peatland areas in the Arctic
and pan-Arctic region emit a significant amount of
organic compounds and black carbon, which have a
strong effect on radiation budget. There is a cooling
but also a warming component of this aerosol
load, which could increase the temperature of the
atmosphere (Cali Quaglia et al. 2022) and also
change the albedo of snow-covered areas (Kang et
al. 2020). The climate impacts of such emissions
may result in further warming of the high latitudes,
leading to increases in natural fire activity, and a
potential but poorly understood climate feedback.

For the above reported reasons, improving the
quantification of the relative contributions of
different aerosol sources is fundamental to provide
a scientific basis for sustainable solutions and
adaptive strategies (Schmale et al. 2021).

The understanding of aerosol sources and their
temporal evolution in the Arctic will benefit greatly
from long-term sustained and repeated sampling
and determination of aerosol chemical composition.
Such efforts are particularly challenging in the Arctic
region due to the difficulty of continuous operation
of sophisticated instrumentation in this inaccessible
region. Moreover, the cost of maintaining and
servicing these instruments is high. For this reason,
although several intensive campaigns have been
performed since 1980, long-term aerosol chemical
measurements in this area remain scarce.

The largest regional temperature increases
associated with Arctic warming have been observed
in Svalbard (Rantanen et al. 2022), making this a
good location for describing impacts of climate
change. However, to give a broad picture of the
present-day aerosol sources the available data from
several sites in the Arctic are considered here and
compared to measurements from Svalbard.

In this chapter we collect the existing data on
aerosol chemical composition (main and trace
components) in recent years (mainly from 2015
to 2023) from sites located in the Arctic and pan-
Arctic region. From the chemical composition
we retrieve a map of the present-day status of
natural and anthropogenic aerosol sources that
can be used as a reference point, as the picture
will probably change in the future due to global
change. Data obtained in future decades can be
compared with those described here (and reported
in the data set repository) to assess and quantify
how aerosol sources and chemical composition in
the Arctic have changed. Moreover, we stress the
need for enlarge the data sets on aerosol chemical
composition both in terms of number of chemical
parameters measured and in number of monitored
sites in the Arctic and pan-Arctic region.
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2. Overview of existing knowledge
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Figure 1: Map of the sampling sites, showing the annually averaged main components of atmospheric aerosol measured
at each site. For BAR and OLK only data for springtime (March-April-May, MAM) are available. For STO sea salt aerosol

data are not available.

In this review we collect already published chemical
data sets of aerosol (Total Suspended Particles - TSP
or particles with aerodynamic diameter <10 mm
- PM10) for Arctic and some pan-Arctic stations
reported in Figure 1. Details on the sampling site,
aerosol collection and chemical measurements are
reported in Table 1 and references therein.

We calculated the sea salt aerosol concentrations
as follows:

[Sea-salt] = [CI'] + [Na*] * 1.47 (1)

The value 1.47 accounts for the presence of anions
and cations (i.e. SO,”, K, Ca?*, Mg?) other than
Na* and CI in sea salt (Moffett et al. 2020).

Crustal aerosol concentration is calculated by the
content of Al (or Fe for the site CBA) considering
that it is 8% (3%) of the upper continental crust
(Henderson and Henderson 2009).

Secondary biogenic aerosol arising from the
oxidation of the biogenic DMS is calculated from
the methanesulphonic acid (MSA) concentration
measured in PM10, as MSA is the univocal tracer
for this type of aerosol. In the high latitude regions,
the ratio of biogenic aerosol/MSA depends on
several factors and can range from 2 to 6; here we
use the value of 4 (Becagli et al. 2019) for all the
stations where MSA was measured.

Finally, non-sea salt (nss) sulphate is calculated by
the equation:

[nssSO,?] = [SO,#]-0.252 * [Na*] (2)

Where the value of 0.252 represents the mass
ratio of sulphate-to-sodium in seawater. Non-salt
sulphate (nssSO,?) represents the sum of crustal,
biogenic and anthropogenic sulphate. The use of
the value 0.252 to calculate the nssSO,* fraction
does not account for the possible fractionation
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Table 1: Sampling site geographical characteristic, country hosting the station, sampling cut-off, chemical measurements,
resolution, considered time range for average calculation. Black carbon and organic aerosol average values are from
Moschos et al. 2022a and b. In the analysis column IC is ion chromatography; ICP-MS is Inductively Coupled Plasma
Mass Spectrometer; ICP-AES is Inductively Coupled Plasma Atomic Emission Spectrometry; PIXE is Particle Induced X-Ray
Emission; XRF is X-Ray Fluorescence; CE is Capillary Electrophoresis

Alt. PM Analysis Time Sampling Methods
m a.s.l. interval resolution references and
data source
Barrow Atmospheric | BAR 71.323°N 11 TSP lons: IC 2015-17 | 1 week Moffet et al.
Baseline 156.615°W Only 2020 (data and
Observatory (USA) Jun-Sep references therein)
Oliktok point (USA) | OLK 70.495°N 10 TSP lons: IC 2015-17 | 1 week Moffet et al.
149.886°W Only 2020 (data and
Jun-Sep references therein)
Thule High Arctic THAAO | 76.514°N 220 PM10 | lons: IC 2016-20 | 2 days Becagli et al. 2020

Atmospheric 68.743°W Metals: ICP-AES
Observatory (DK)
Alert (CA) ALE 82.499°N 210 TSP lons: IC 2015-17 | 1 week loni: EBAS (https:/
62.342°W ebas.nilu.no)
Metals: ICP-MS | 2013-14 hosted by NILU
Metals: De Vera et
al. 2021
Storhofdi (IS) STO 63.400°N 180 TSP Metals: ICP-MS | 2015-19 | 2 weeks EBAS (https:/
20.288°W ebas.nilu.no)

hosted by NILU

Villum-Station Nord | VSN 81.600°N 24 TSP lons: IC 2008-10 | 7 days Nguyen et al.
(DK) 16.667°W Elements: PIXE. | 2011-13 2013
Massling et al.
2015
Ny Alesund- GRU 78.907°N 50 PM10 | lons: IC 2018-23 | 1or 2 Amore et al. 2022
Gruvebadet (NO) 11.887°E Metals: ICP-MS days Giardi et al. 2018
Ny Alesund- ZEP 78.907°N 474 PM10 | lons: IC 2017-22 | 1 week EBAS (https:/
Zeppelin (NO) 11.887°E Metals: ICP-MS | 2017-20 ebas.nilu.no)
hosted by NILU
Pallas (FI) PAL 68.000°N 340 PM10 | lons: IC 2018-23 | 1 day EBAS (https:/
24.237°E Metals: ICP-MS | 2000-06 | 1 week ebas.nilu.no)
hosted by NILU
Cape Baranova (RU) | CBA 79.16°N 30 PM10 | lons: CE 2015-16 | 42-72h Manousakas et al.
101.45°E Elements: XRF 2020

effect due to the presence of sea spray aerosol
from the so called “frost flowers” over the sea ice
surface. “Frost flowers” are crystalline structures
formed on the sea ice surface that are depleted
of sulphate due to the precipitation of mirabilite
(Na,SO,) at temperatures below 8°C (Rankin et
al. 2000). In presence of frost flower aerosol the
correct sulphate-to-sodium ratio is lower than
0.252 (Rankin et al. 2000), therefore the use of
0.252 could lead to incorrect (even negative)
values of nssSO,* especially in winter. Actually,
previous studies showed that at the site GRU the

sea spray source represents a minor contribution
to total sulphate (13.6% vyearly); conversely, the
anthropogenic fraction is the dominant contribution
to the nssSO,* with value ranging from 99% in
February to about 66% in June (Amore et al. 2022;
Traversi et al. 2024). The crustal contribution to
SO,” is negligible over the year and the biogenic
fraction becomes evident only in spring and
summer; therefore, for stations where MSA was not
determined we use the nssSO,* calculated from
the equation to quantify long-range transported
pollution.

SESS Report 2024 - The State of Environmental Science in Svalbard



The measurements of organic aerosol (OA)
reported here are described and discussed in detail
in Moschos et al. (2022a, b). Measurements are
performed with a high-resolution long time-of-flight
aerodyne aerosol mass spectrometer (L-ToF-AMS)
with electron impact ionisation on the aqueous
extract. To derive the total OA mass the AMS OA
mass spectra were used as inputs in positive matrix
factorisation (PMF) analysis (Moschos et al. 20223,
b).

Elemental and organic carbon are measured (Sunset
OC-EC analyser-based) by thermal-optical analysis
using the EUSAAR-2 protocol (Cavalli et al. 2010),
except at measurement sites ALE (Huang et al.
2021) and BAR (NIOSH 5040 protocol).

2.1. Results

Figure 1 shows the averaged composition of
the main atmospheric aerosol types at the 10
considered sites. It is evident that in the nine

REVIEW

sites where Na is measured and sea salt aerosol is
quantified (i.e., excluding STO), sea salt is the main
source of aerosol; this source can be considered
local due to the proximity of the sea at all the sites.
The second most important aerosol type is nssSO,*
arising mainly from long-range transport. The third
most abundant type is crustal aerosol, from both
local and long-range sources, as will be described
later.

The average sea salt aerosol concentrations at
different sites and seasons are reported in Figure
2. The averaged concentrations of sea salt are
quite constant over the Arctic region; differences
are related to the altitude of the site, with lower
concentration and, especially, smaller variability
as altitude increases. The standard deviation of
measured sea salt concentrations in each season
is high due to sporadic but intense events which
are typical for this wind-driven aerosol source.
Strong winter storms can explain also the generally
highest averaged values in winter (December,
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Figure 2: Sea salt aerosol total and seasonal average (December, January, February - DJF, winter; March, April, May -
MAM, spring; June, July, August - JJA, summer; September, October, November - SON, fall) concentration in the Arctic
sites reported in Table 1 where data on Na and Cl are available. Vertical bars represent the standard deviation of the
respective seasonal and total mean values. For VSN the averaged values are from Nguyen et al. (2013) where standard

deviation was not reported.
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January, February - DJF) when the open sea (i.e.,
the source area) is far from the sampling site due to
the presence of more sea ice.

Aerosol import from southerly latitudes is largely
facilitated by the presence of low-pressure weather
systems extending from mid-latitudes up over the
Arctic in winter and spring (Stohl 2006). Recent
studies based on both in-situ vertical profile
measurements and modelling have demonstrated
enhanced pollutant layers in the Arctic troposphere.
Northern Eurasian sources dominate the layer
near the surface, whereas in the mid- and upper
troposphere, import from mid-latitude North
America and Asia dominates (e.g., Sharma et al.
2013; Stohl et al. 2013; Law et al. 2014; Monks
et al. 2015). These different source sensitivities in
the vertical result from pseudo-isentropic transport
pathways that bring mid-latitude emissions to the
Arctic, combined with suppressed vertical mixing
due to the high vertical stability of the Arctic
troposphere (e.g., Stohl 2006).

The main component of long-range transported
aerosol is anthropogenic sulphate (i.e., most of the
nssSO,?%), but long-range transported aerosol also
contains heavy metals, especially Pb, Cd, Co, and
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As. Metals are present in lower concentrations than
nssSO,” but they are good tracers of long-range
transport aerosol. Moreover, some metals have
a strong impact on public health and European
legislation has established a target maximum value
for the concentration of arsenic, cadmium, and
nickel in ambient air to prevent or reduce harmful
effects of these metals on human health and the
environment as a whole (Directive 2004/107/EC
of the European Parliament and of the Council of
15 December 2004). Figures 3 and 4 show the
average concentration of these compounds at the
monitored Arctic stations. So far, the concentrations
of toxic metals are below the European targets, but
continued monitoring is necessary to assess the air
quality in the Arctic.

Apart from the sites at lower latitudes (STO and
PAL), most sites show the highest concentration of
nssSO,”, as expected, in spring due to the Arctic
haze phenomenon. Another important observation
is that sites in the European-Asian sector of the
Arctic present nssSO,* concentrations higher
than sites in the American-Canadian sector (BAR,
OLK and THAAQ). This evidence highlights that
surface sites in the European-Asian sector are
more sensitive to transport of pollution from mid-
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Figure 3: nssSO,* total and seasonal average (December, January, February - DJF, winter; March, April, May - MAM,
spring; June, July, August - JJA, summer; September, October, November - SON, fall) concentration in the Arctic sites
reported in Table 1. Vertical bars represent the standard deviation of total and seasonal mean values. For VSN the averaged
values are from Nguyen et al. (2013) where standard deviation was not reported.
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Figure 4: Co, Cd, Pb, As total and seasonal average (December, January, February - DJF, winter; March, April, May - MAM,
spring; June, July, August - JJA, summer; September, October, November - SON, fall) concentration in the Arctic sites

reported in Table 1 where they are measured.

latitude. STO and PAL present a different seasonal
pattern likely due to the impact of anthropogenic
local sources. For STO the presence of nssSO,*
from SO, in volcanic emissions in the proximity can
explain the elevated SO,* concentrations.

Pb, Cd, As and Co typically show a maximum value
in spring (March, April, May - MAM) demonstrating
that they originate from long-range transport,
similarly to anthropogenic nssSO,*. This pattern,
with maximum values in spring, is visible also at the
more southerly sites of PAL and STO, highlighting
that also these sites are affected by anthropogenic
aerosol transported from mid-latitudes.

Previous studies have demonstrated that changes
in mid-latitude emissions caused reductions in
concentrations of pollutants in the Arctic. For
instance, Sharma et al. (2019) found a decline
SO,* and black carbon (BC) at Alert, Barrow, and
Ny-Alesund during the mid-1990s. The reduction
was associated with declines in SOx and BC
emissions from Eurasia between 1990 and 1995
rather than changed transport. More recently, the
decreasing trend of anthropogenic nssSO,* has
been less pronounced (Sharma et al. 2019; Amore

et al. 2022; Traversi et al. 2021, 2024). A recent
study demonstrates that the decreasing trend in
long-range transported aerosol could also be due
to changes in precipitation scavenging efficiency
(Heslin-Rees et al. 2024).

There is also evidence of decreasing concentrations
of Pb and Cd in the 1980s and 1990s, followed by
relatively stable levels for the last couple of decades
(De Vera et al. 2021).

It is now demonstrated that the fast warming of
the Arctic region reduces the strength of the low-
pressure system over the Arctic (e.g., Kim et al.
2014) and leads to heat waves in the Arctic and
cold waves at mid-latitudes. It will be challenging
to study how this change in low-pressure systems
will influence the efficiency of pollutant transport
processes from mid-latitude to the Arctic. It will be
interesting to study in the coming decades how
and to what extent the climate-driven changes in
transport processes coupled with the increasing
local emissions will shift the relative contribution
of local vs. long-range transported pollutants.

Organic aerosol is difficult to monitor in Arctic sites;
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data are scarce and related to sporadic campaigns
(Moschos et al. 2022b). A recent study conducted
over several Arctic sites reveals an overall nearly
equal annual abundance of summed anthropogenic-
dominated and summed natural-dominated organic
aerosol. The anthropogenic source dominates in
winter, the natural one in summer (Moschos et al.
2022a).

Black carbon (BC) presents quite low concentration
in the Arctic, but these light-absorbing particles
have a strong climatic effect both in the atmosphere
and once deposited on snow (Kang et al. 2020).
Due to its climatic relevance, a SESS report chapter
on this topic was published (Gilardoni et al. 2020).

Flaring of excess natural gas during oil extraction
in the Russian Arctic has been estimated to be
the dominant contributor to black carbon (BC)
concentrations in the atmosphere and surface
snow in this portion of the Arctic (Stohl et al.
2013). There was also evidence for an increasing
use of wood for household heating in past decades
(Pearson et al. 2013) producing absorbing and non-
absorbing particles. The BC emissions from the
above reported sources are only partially quantified.

Since 2005, measurements of the aerosol
absorption coefficient, used to estimate BC, have
been conducted at the Zeppelin Observatory.
BC, a major climate forcer, varies by source and
region across seasons and its levels are primarily
influenced by episodic long-range transport from

a) Oct-Mar M: -0.38 P80: -0.72

0 b) June-Sept M: 0.18 P80: 0.55

areas with extreme background levels. In winter,
emissions from flaring and domestic heating in
Eurasian high latitudes are common, while summer
measurements often capture wildfire emissions
(Stohl et al. 2006).

BC concentrations in the Arctic have generally
declined since the 1990s, primarily due to emission
reduction policies (AMAP 2021). But wildfires,
including those at high latitudes, have increased
(McCarty et al. 2021). When comparing the Arctic
aerosol absorption coefficient during Arctic haze
(winter-spring) vs non-Arctic haze (summer)
periods, distinct trends appear: we see a clear
decrease in BC levels during winter-spring, but
not in summer. This difference is especially evident
when one studies the 80th percentile of the data,
which captures pollution episodes rather than
average concentrations (Figure 5).

Decreases in snow cover over land play a
fundamental role in the amplification of warming
in the Arctic due to huge decreases of albedo.
Moreover, land not covered by snow is a prime area
for crustal aerosol production. Therefore, the impact
of locally produced crustal aerosol is expected
to increase as the Arctic warms (Meinander et al.
2022 and references therein).

Figure 6 reports the concentrations of crustal
aerosol, which are quite homogeneous among the
sites excluding ALE, PAL and STO. These higher
concentrations are likely related to the proximity to

c) all M: -0.32 P80: -0.84
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Figure 5: Aerosol absorption coefficient (GRO5L_aethalometer AE31, Eleftheriadis et al. 2009) based on three-hourly
observations at Zeppelin from 2005 to 2020. Mean values (black bars) and 80th percentiles (green bars) for different
periods: October to March in panel a), June to September in panel b), and for the entire year in panel c). The green and
black lines represent the linear trends for the mean and 80th percentile values, respectively. The title above each panel
indicates the trends as 100 times the aerosol absorption coefficient per year.
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Figure 6: Crustal aerosol total and seasonal averaged (December, January, February - DJF, winter; March, April, May -
MAM, spring; June, July, August - JJA, summer; September, October, November - SON fall) concentration in the Arctic
sites reported in Table 1 where they are measured. Crustal aerosol was calculated as above reported by Al concentration.
Vertical bars represent the standard deviation of the total and seasonal mean values.

dusty land not covered by snow. Iceland represents
one of the major sources of high latitude dust,
due to its extensive desert surface where fine
volcanic sediments are present (Blechschmidt
et al. 2012). An Icelandic storm can lead to a
dust concentration similar to Saharan conditions
(Dagsson-Waldhauserova et al. 2019) giving a
concentration of crustal aerosol more than one
order of magnitude higher than at the other Arctic
sites. Regarding the seasonal pattern we observe a
maximum value in spring, but high concentration
still remains in summer and fall seasons. The spring
maxima are more related to long-range transported
dust (together with pollutants), whereas summer
and fall dust is more related to local sources
(Meinander et al. 2022).

Other elements present in dusty aerosol are Fe, Ti
and Mn (Figure 7). The seasonal trend conforms
with those observed for crustal aerosol content
due to their dominant source from dust. Enhanced
knowledge about the atmospheric concentration
of Fe is highly recommended in studies regarding
biogeochemical nutrient cycling, as the role of

atmospheric deposition of this micronutrient over
ocean and its fertilisation effects are still being
debated (De Vera et al. 2021).

Among the metals, V, Cr, Ni, Cu are of particular
interest (Figure 8) as these elements are generally
considered to originate from anthropogenic
sources. They do not show a clear maximum in
spring (MAM) as observed for Pb, Cd and As, but
their seasonal pattern is more similar to those of
crustal aerosol. Especially at THAAO a maximum in
summer (June, July, August - JJA) is observed for
Ni and V. For these elements we can hypothesise
mineral dust as a prevailing source. Indeed, soil
in some polar regions is particularly rich in these
elements (Becagli et al. 2020).

Figure 9 shows the concentration of biogenic
aerosol estimated by the concentration of MSA
at the Arctic sites where it is measured. Data on
MSA and biogenic aerosol are scarce over the
Arctic region, but from Figure 9 we observe that
concentrations measured at GRU (Svalbard) are
higher than those measured at BAR, OLK and
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Figure 8: V, Cr, Ni, Cu total and seasonal average (December, January, February - DJF, winter; March, April, May - MAM,
spring; June, July, August - JJA, summer; September, October, November - SON, fall) concentration in the Arctic sites
reported in Table 1 where they are measured.

THAAQO adjacent to the western Arctic Ocean,
confirming data reported by Sharma et al. (2012)
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The seasonality with summer maxima of biogenic
aerosol production is well known and it is the same
over the whole Arctic (Becagli et al. 2016; Sharma
et al. 2012; Schmale et al. 2022). What is not yet
known is the possible change in seasonality and
the impact of biogenic aerosol in the Arctic related
to early melting of sea ice. Besides, it is important
to know the effect of Arctic Ocean atlantification
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on biogenic aerosol production. In this context the
Svalbard archipelago is in one of the areas more
sensitive to atlantification, as extensively reported
by Bensi et al. (2025). It is of particular relevance
to study the effect of this oceanic phenomenon
on the atmosphere to better understand ocean-
atmosphere feedback processes in a global change
scenario.

Figure 9: Biogenic aerosol total and seasonal average (December, January, February - DJF, winter; March, April, May -
MAM, spring; June, July, August - JJA, summer; September, October, November - SON, fall) concentration in the Arctic
sites reported in Table 1. Biogenic aerosol is calculated from the MSA concentration, as described above. Vertical bars

represent the standard deviation of the values.

3. Contributions to interdisciplinarity

This chapter offers several points of contact with
other disciplines, and is strongly connected with
SESS report chapters published previously and in
this issue.

Biogenic aerosol formation is correlated with oceanic
parameters able to promote phytoplanktonic activity
such as temperature, sea ice extent and nutrient
availability. Therefore, the knowledge about the
impact of atlantification, especially in the western
Greenland Sea as reported in the chapter ARIS by
Bensi et al. (2025) is of particular relevance to explain
the increase of biogenic aerosol formation observed
at Svalbard. Moreover, as these processes are
related to global warming, the occurrence of warm
events reported in the chapter AWARE by Spolaor
et al. (2025) will give further input to explain the
processes. Warm events are also related to change in
the strength of the polar vortex; therefore, changes in

atmospheric circulation processes may influence the
impact of aerosol transported from distant sources.

Another important interdisciplinary connection
concerns knowledge of the local crustal aerosol
fingerprint. As snow cover retreats, the importance
of local crust as an aerosol source is expected to
increase. To distinguish between local and long-
range transported crustal aerosol and to quantify
both, it is necessary to know the geology and
composition of Svalbard soil as reported in the
chapter about SVALGEO by Senger et al. (2025).

This chapter is obviously related to previously
published chapters in the SESS report presenting
trends of sulphate and black carbon in the
atmosphere: HAZECLIC and HAZECLIC 2 (Traversi
et al. 2021, 2024) and ABC Svalbard (Gilardoni et
al. 2020).
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4. Unanswered questions

Is it possible to quantify the local anthropogenic
sources of aerosol in the Arctic?

At some sites there is some evidence of local
anthropogenic sources, but more parameters
must be measured to perform a rigorous source
apportionment for these minor sources. To
identify and quantify local sources of aerosol it is
necessary to measure at least: PM10 (or TSP), Al
Ti, Fe, Cr, As, Cd, Pb, Ni, V and organic carbon. In
addition, measurement of methanesulphonate and
levoglucosan is desirable to quantify the impact
of biogenic aerosol and biomass burning aerosols,
respectively.

Do we know enough about organic aerosol to study
its impact?

The roles of Arctic aerosols as ice-nucleating
particles remain poorly understood, even though
their effects on cloud microphysics are crucial for
assessing the climate sensitivity of Arctic mixed-
phase clouds and predicting their response to Arctic
warming. Studies on new particles or ice particle

formation show that organic aerosol produced
by both marine and terrestrial biota has a crucial
role especially in remote and Arctic regions (Beck
et al. 2021). Besides, a recent study suggests that
highly active organic ice-nucleating particles could
be actively released from Arctic natural sources in
response to surface warming (Tobo et al. 2024). To
assess the impact of organic aerosol on new particle
formation we must first measure organic aerosol.
Such measurements are difficult and existing data
are scarce. Few measuring campaigns have been
done, and they cover only short time periods.

Organic carbon measurements are relatively easy
to obtain and could cover the whole year with a
temporal resolution of 1 or 2 weeks. From these
measurements the total concentration of organic
aerosol could be obtained for long time periods,
but without any chemical speciation. Such
measurements should therefore be coupled with
chemical speciation measurements (such as those
made in Moschos et al. 2022a) that require more
complex instrumentation, but that could be done in
targeted measurement campaigns.

5. Recommendations for the future

The rapid pace of Arctic environmental change
puts high priority on improving our understanding
of processes controlling the sources and fate of
Arctic air pollutants that negatively impact Arctic
communities. Deficiencies in our predictive
capability due to the lack of long-term observations
at high latitudes, makes reliable near- and long-
term projections of Arctic environmental change
challenging.

An important goal of this chapter is to furnish to
policymakers and Arctic residents, basic information
on the risks and benefits global warming poses for
Arctic communities.

The data set we have collected here gives an

overview of the present-day Arctic aerosol
composition, not least in Svalbard, which is a
particularly climate-sensitive area. In addition, this
work should promote new collaborations among
observational and modelling groups, social science
researchers, and local Arctic communities.

From the results shown in this chapter the following
recommendations for the future can be given:

e Continue and promote long-term monitoring and
regular intensive field observations, both at the
surface and throughout the troposphere (in-situ,
remote sensing, and satellite observations). We
emphasise the need for a network of state-of-
the-art research infrastructures in the Arctic

SESS Report 2024 - The State of Environmental Science in Svalbard



region for ground-based observations to
supplement the existing stations. In addition,
we stress that it is important to measure a
large number of markers to identify processes
and sources that could be neglected by only
observing main tracers. Long-term surface
observations provide the main source of
information on the seasonality and trends of
Arctic air pollution. Additional community-
based monitoring could enhance the spatial
and temporal coverage of surface observations
while engaging local populations in science and
decision-making.

Use a trans-disciplinary approach. This should
exploit collaborative platforms for observations
across linked aspects of the Earth system
(atmosphere, cryosphere, ocean, land surface,
society), considering of societal and economic
drivers and responses to Arctic change impacting
climate, air quality and ecosystems. It should be
carried in a collaborative framework linking to

REVIEW

existing and planned programmes.

Improved predictive capability is needed across
a range of scales to diagnose wider impacts of
Arctic aerosol on regional and global climate
and the Earth system, and on local air quality
and ecosystems. Modelling efforts should
also exploit new capabilities in Earth system
modelling, particularly regarding the interactions
between atmospheric composition/climate and
the biosphere/ocean.

Train the new generation of scientists in
setting up and maintaining new techniques
of instrumentation and chemical analysis to
monitor the atmosphere (but also, snow, water
and soil). Raising the awareness of budding
scientists about this issue, for example through
regular training schools organised and supported
by SIOS, is of particular importance. These
young people will be in charge of monitoring
and possibly trying to find solutions to mitigate
disadvantageous trends.

6. Data availability

Dataset Parameter Period Location = Metadata access (URL) Dataset provider
Main trace Sea salt aerosol, | Annually and Arctic and | https:/metadata.iadc.cnr. | Silvia Becagli
chemical NH4, NOS3, seasonally averaged pan-Arctic | it/geonetwork/srv/api/ silvia.becagli@unifi.it
markers nssSO4, Al, concentration. Covered | region records/73b5%9bc8-f025-

concentrations | Crustal aerosol, | period: from 2015 4b2d-ac30-8bfb358069ff

in the aerosol MSA, Biogenic to 2023, with few

(bulk and
PM10)

Aerosol, Black
Carbon, Organic
aerosol, Ti, V, Cr,
Mn, Fe, Co, Ni,
Cu, Zn, Cd, Pb,
As, Ba, Mo, Si.

exceptions as specified
in metadata.
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1. Introduction

The Arctic is warming almost four times faster
compared to the rest of the world (Rantanen et al.
2022). Svalbard and its surroundings have warmed
faster than most of the Arctic (Cai et al. 2021;
Isaksen et al. 2022). The Svalbard archipelago also
shows large temperature variations from south
to north and east to west (@Jstby et al. 2017).
Svalbard has good infrastructure, logistics and
communications (airport, port, laboratories), and
excellent possibilities for data transfer. This makes
Svalbard and its surroundings an attractive living
natural laboratory for long-term and campaign-
based Arctic studies.

Svalbard Integrated Arctic Earth Observing System
(SIOS) is a Norwegian-initiated international
cooperation to exploit Svalbard’s research
infrastructure for the purpose of increasing
knowledge about global climate and environmental
changes through long-term monitoring
(Christiansen et al. 2024). It currently includes 29
member institutions from 10 different countries
with a research focus relevant to interdisciplinary
earth system studies in and around Svalbard. These
studies explore the complex interrelationships
between ocean currents, atmospheric and
geological conditions, the extent of ice and snow,
and terrestrial food webs of plants and animals.
Within SIOS, researchers collaborate by sharing and
integrating data and research infrastructure to build
an efficient observing system that focuses on long-
term monitoring of parameters that are important
for understanding the Arctic in the context of global
environmental change.

The research infrastructures! in Svalbard have
mainly been established as independent activities
by projects or research stations. The existing
environmental monitoring and observation
infrastructures in Svalbard are generally maintained
at a high standard and are state-of-the-art.
While the individual observations and research
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infrastructures might be of good quality, they
are not optimised and the gathered data are not
harmonised, except for e.g., in COAT (Pedersen
et al 2025). SIOS utilises existing infrastructure,
as well as new infrastructure, instigated by
considerations and deliberations of the working
groups coordinated by the central hub, SIOS-
Knowledge Centre.

SIOS-InfraNor is a regional distributed observing
system utilising versatile infrastructure from in situ
to satellite remote sensing observations (Figure 1).
The project, funded jointly by the Research Council
of Norway and the Norwegian Space Agency
(NoSA), strengthens SIOS with a coordinated and
state-of-the-art observation network for marine,
terrestrial and atmospheric research. This network,
which provides data in accordance with the FAIR
principles (Wikinson et al. 2016), is implemented
and operated in and around Svalbard. The InfraNor
project, as a prioritised infrastructure initiative
identified through a gap analysis study, provides
new and upgraded research facilities to support
addressing Earth System Science (ESS) questions
on global environment change. SIOS offers a single
point of access to infrastructure, data, tools and
services owned or operated by its members.

InfraNor is a response to the ongoing effort to
optimise the SIOS observing system. This effort
builds on the SIOS Strategy for Optimisation,
and draws on work conducted through the SIOS
Science Optimisation Service? (as described in
the SIOS current state document?®). The focus
is on observational measurements to address
regional issues and offer an opportunity for much
more comprehensive monitoring of ESS-relevant
variables throughout the region as articulated in
the SIOS Infrastructure Optimisation Report*. The
report targets vertical and horizontal interactions,
cryosphere-geosphere dynamics, and climate
change impacts on biodiversity and ecosystems.

1  https:/research-and-innovation.ec.europa.eu/strategy/strategy-research-and-innovation/our-digital-future/european-research-

infrastructures _en
https:/sios-svalbard.org/Optimisation

https://sios-svalbard.org/sites/sios-svalbard.org/files/documents/2024-09/20240909 sios_currentstate.pdf

~wWN

https:/sios-svalbard.org/system/files/common/Documents/D3.4 SIOSInfrastructureOptimisationreport PP.pdf
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In order to be consistent with the thematic
division in the Norwegian SIOS prioritisation
report (Mehlum et al. 2013), we divided SIOS-
InfraNor into 6 modules: Modules 1-4 contain
scientific infrastructure priorities related to studies
of atmosphere, land, ocean, and interdisciplinary
research, Module 5 deals with data management,
and Module 6 with project management.

The aim of this chapter is to present the main
components of each module’s implemented
InfraNor monitoring system. It highlights the key
items, outlines their characteristics, provides
specimens of the collected datasets, along with
references to selected novel scientific results
published thanks to this infrastructure.

Furthermore, it explains how the system integrates
data into a distributed coherent observing system
that is addressing the needs of ESS as outlined in
the SIOS Strategy for Optimisation, the SIOS Vision
and the SIOS Strategy. A key component of this
integration is the SIOS Data Management System®
(SDMS), which acts as a bridge between the
various science components of the Earth System
through standardised and harmonised exposure
of the collected data. The combined effect of this
approach facilitates interdisciplinary science and
enhances collaboration.

A list of acronyms used in this chapter is provided
in Appendix 1.

Figure 1: The InfraNor distributed installations within the atmosphere, terrestrial, ocean and common modules. Map by
Anders Skoglund (NPI).

5  https://sios-svalbard.org/Data
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2. Overview of the modules and their achievements

2.1. Module 1 - Atmosphere

This module focuses on enhancing and expanding
observations of meteorology, climate, surface
energy/radiation processes, and trace gas and
aerosol characteristics. It also addresses air pollution
transport to the Arctic and aims to improve
understanding of the coupling between space and
the upper and lower atmosphere, particularly in
the polar region. Meteorological observations are
essential parameters for other modules, supporting
studies of land and ocean-atmosphere interactions
and aiding in the assessment of climate impacts
across the Arctic environment.

The module includes: 1) upgrading of the automatic
weather stations (AWS) at Verlegenhuken
and Edgegya with radiation and snow depth
measurements, combined with permafrost
boreholes of Module 2; 2) upgrading the SOUSY
Svalbard Radar in Adventdalen to continue the
time series on polar mesospheric summer echoes
(PMSE) and tropopause height; 3) resuming
ionospheric soundings in Ny-Alesund with a
CADI-ionosonde to monitor the ionosphere for
space weather and radio propagation conditions;
4) installing an Aerodynamic Particle Sizer (APS) at
Zeppelin station to measure coarse (dust) aerosols;
5) installing and upgrading a Lunar Precision Filter
Radiometer (PFR) instrument that measures the
aerosol optical depth (AOD) making use of the
moonlight methodology (Mazzola et al. 2024);
6) installing a Pandora instrument measuring
atmospheric columns of trace gases, the two latter
both at the Sverdrup station. The upgrades and
installations of the atmospheric infrastructure took
place from 2018 to 2021, and all the instruments
have been operational for several years. Data are
openly available in various international repositories
and linked to the SIOS Data Management System
(SDMS).

The observations enabled by InfraNor have proven
to be valuable in several areas, including:

The upgrade of the AWS provides important
new data on surface-atmosphere energy
exchanges at 80°N, at the northernmost point
of Spitsbergen, Svalbard (Isaksen et al. 2022).
The upgrade of the SOUSY radar continues
one of the longest time series (since 1998)
on PMSE (Hall et al. 2020) and in Feb. 2024,
polar mesospheric winter echoes (PMWE) were
observed for the first time. As a biproduct of
the upgrade, the radar is now also capable of
measuring vertical winds in the troposphere.
The CADI ionosonde data are extensively
used in both space weather applications and
ionospheric research and for diagnosing high
frequency (HF) radio conditions.

The study of vertical coupling processes in the

atmosphere, from the ground to space, includes

not only data from the SOUSY radar and CADI
ionosonde, but also rocket-borne process
research from the CGl-cusp initiative. Data from

CGl-cusp is being integrated with InfraNor data

within the SDMS to address knowledge gaps in

the SIOS initiative related to energy transport

through the atmosphere (Moen et al. 2019).

e The APS has increased the size range in the size
distribution measurements, making it possible
to detect larger aerosols especially important
during the arctic haze period and for detecting
dust episodes (Platt et al. 2023).

e The lunar PFR has enabled measurements
during the polar night, allowing for the analysis
of annual cycles and year-round trends in AOD
in the Arctic, which is rarely done (Platt et al.
2023).

e The Pandora instrument is fully operational

in validating the ESA Sentinel-5P satellite

(Compernolle et al. 2024). The validation of

NO, has significantly improved due to parallel

instrumentation. For O,, measurements can now

be taken year-round, whereas older instruments
often stopped at lower azimuth levels (Svendby

et al. 2024).

An example of a data product available from
module 1 is shown in Figure 2.
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Figure 2: Raw backscatter signals in dB from the SOUSY Mesosphere Stratosphere Troposphere (MST) radar in Adventdalen
from 14 July 2024. (Njal Gulbrandsen). a) Polar Mesospheric Summer Echos (PMSE), a strong radar backscatter in the
mesosphere due to charged dust andice particles that only happensin the summerwhen the temperatures in the mesosphere
are low enough for ice formation. b) Radar backscatter from the troposphere due to dust, fluctuating temperature and
humidity, and turbulence. Especially visible is the tropopause seen around 10 km. The radar is also capable of measuring

vertical wind in the troposphere.

2.2. Module 2: Land

2.2.1. The SIOS terrestrial module

The SIOS land module implements an ecosystem
and landscape-based observatory that focuses
on key components of both predictor and driver
targets. The monitoring covers different parts
of the Svalbard landscape in the cryosphere,
hydrosphere, and biosphere to enable real-time
detection, documentation, understanding and
prediction of climate impacts on Arctic tundra
ecosystems. The infrastructures are implemented
through a suite of instruments and study designs
(Figure 3 and Pedersen at al. 2025). The module
incorporates the Climate-ecological Observatory
for Arctic Tundra (COAT: see Pedersen et al. 2025;
Ims et al. 2013, Ims and Yoccoz 2017) and 15
separate instruments/infrastructures across eight
institutions. This infrastructure provides detailed
data for coupled process modelling at relevant
temporal and spatial scales for the terrestrial
ecosystem, as well as observations from the
climatic gradients in Svalbard for larger scale
studies and Earth System models. The implemented
research infrastructure has both expanded and
strengthened existing monitoring programmes,
such as the Environmental Monitoring of Svalbard
and Jan Mayen and the Global Terrestrial Network
on Permafrost (GTN-P). Additionally, it provides

new time-series and research infrastructure for
focal ecosystem components and drivers that were
previously lacking, such as snow monitoring.

Glaciology

Glaciers cover about 60% of the Svalbard
archipelago and have lost significant mass over
the last few decades. In situ measurements
of mass balance are labour-intensive and thus
limited to a few glaciers. Nevertheless, such direct
measurements are essential to constrain and
evaluate remote sensing products (e.g., Morris et al.
2022; Gray et al. 2015) and model simulations (e.g.,
Schmidt et al. 2023; Van Pelt et al. 2019; Ostby
et al. 2017) that are used to assess the state of
balance of Svalbard glaciers on a regional scale (pan-
Svalbard, Schuler et al. 2020). The infrastructure
investments made by InfraNor and related SIOS-
optimisation services permit now close-to-real-
time records of glacier mass balance components,
snow depth, snow and firn temperature profiles
and surface flow velocity. Some of these essential
variables related to the cryosphere are already
accessible as quality-controlled datasets through
the SIOS data portal; for the remaining records,
such data publication currently is prepared or in
progress. (Schuler et al. 2022; NPI-UiO, 2023).
Near-surface measurements of meteorological
variables (e.g., Schuler et al. 2013) also play an
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important role in filling the gaps in otherwise data-
sparse regions, outside the coverage of operational
weather-forecasting networks.

Snhow

Snow is a critical component for Arctic climate and
ecosystems, particularly in Svalbard, with a strong
oceanic influence. The land module has established
Svalbard as a much-needed (Christensen et al.
2023) super-site for calibration-validation of Arctic
snow monitoring by implementing infrastructures
on the ground and maintaining time-series of
satellite remote sensing of snow parameters
and field measurements. Several new automatic
stations for snow depth measurements distributed
across Svalbard and the COAT climate monitoring
network significantly contribute to understanding
the distribution of snow (cross reference to COAT
chapter). SIOS has also established new relations
between modellers and observers. The results of
decadal intercomparisons have been documented
in several scientific papers and in SESS reports
(Vickers et al. 2020, 2022).

The land module has established field monitoring of
the most important snow-climate variables, snow
cover fraction (cameras), snow depth and snow
water equivalent (ground penetrating radar). In
addition, we have also established long term remote
sensing time-series of additional parameters, such
as snow wetness and avalanche activity. These
parameters are crucial for understanding the effects
of climate change in Svalbard. This infrastructure,
together with extensive field campaigns during
the years 2018-2023 has provided a significantly
enhanced snow observation regime in Svalbard that
has been documented as FAIR data in the SIOS
Database.

Hydrology

The land module has established one new discharge
station in the outlet of Linnévatnet lake, on the coast
of Nordenskiold Land; the Bayelva station, at the
west coast close to Ny-Alesund Research Station,
has been reestablished because the old station

6 https:/sildre.nve.no
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was damaged due to the thawing of permafrost;
and the De Geer station, in Nordenskidld Land
close to Longyearbyen, has been upgraded to
improve data quality. The upgraded station is
important in the continuation of the long-term
hydrological monitoring series. The new station
contributes to the Kapp Linné Environmental
Observatory (KLEO) (Retelle et al. 2019). With
the establishment, we have ensured that accurate
discharge measurements continue from existing
gauging stations, as well as from a new station. The
continuation of the existing long-term discharge
series and the establishment of new ones are critical
for monitoring hydrological changes, as highlighted
by Nowak et al. 2020. Data from all SIOS InfraNOR
discharge stations are submitted to the Norwegian
Water and Energy Directorate’s Hydra 2 database
and published in near real-time‘also be included in
the SIOS data management system, adhering to the
FAIR principles.

Permafrost

Permafrost in Svalbard is widespread and
traditionally classified as continuous, except under
the larger glaciers. It is the warmest this far north
in the Arctic (Romanovsky et al. 2010) and the
longest existing record (from the Janssonhaugen
permafrost monitoring site in Adventdalen, close
to Longyearbyen) shows a distinct warming
trend (Isaksen et al. 2022). The thermal state of
permafrost in different landforms has only been
monitored since the International Polar Year in
2008, and mainly in central Svalbard and only in
the top layers of the permafrost typically down to
10 m depth. Very little data had been collected on
the amounts and types of ice in the permafrost
(cryostratigraphic studies), despite this being crucial
to understanding the potential effects of climate
change on the different parts of the Svalbard
landscape. To be able to monitor the thermal
conditions below the depth of the annual thermal
variation, we have drilled 218 m in 8 boreholes, all
with temperature observations down to 20 m depth
in the Adventdalen area, in different landforms. The
infrastructure in each borehole consists of a 20 m
thermistor string with 25 sensors installed in a 21
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m long PVC casing. Also, a borehole that almost
penetrates the permafrost in Adventdalen reaches
down to 101 m (Figure 3) (Christiansen 2024).
Boreholes have also been drilled at more remote
locations: at Verlegenhuken, the northernmost
point of Spitsbergen, and at Edgegya - Kapp
Heuglin in eastern Svalbard in connection with the
operational automatic weather stations run by MET
Norway. Co-locating these stations increases the
value of permafrost data for researchers, model
developers, and other users who require the most
recent data, as it links directly to a national weather
station that allows for quick and easy access
(Isaksen et al. 2022). Data transfer occurs every 6
hours through the GSM mobile network or Iridium
satellite communication directly to MET Norway
in Oslo or downloaded annually if outside mobile
and satellite phone coverage. Data is available in
near real time in the cryo-web portal” and is under
integration with SDMS following the FAIR guiding
principles and the standards required for SIOS Core
Data.

Permafrost cores have been obtained from fine-
grained sediment to diamict with large clasts in
blockfields from all of the boreholes, which have
provided information on the ice content, type
and age of the permafrost in different parts of the
Svalbard landscape (Christiansen et al. 2021). These

a) b)

cores have been obtained using the UNIS medium-
sized permafrost drill rig (Figure 3), which has
been upgraded to be able to drill in these various
sediment types that exist in Svalbard, including
coarse-grained slope sediments that could not be
cored previously.

With the extended boreholes the depth of zero
annual amplitude (ZAA < 0.1°C) has been reached
at all borehole sites. The geothermal gradient varies
in the 100 m deep borehole in Endalen from 0°C/m
from the depth of ZAA down to 50 m depth (Figure
4), and below there increases to a maximum of
0.037°C/m from 920 to 100 m depth. This shows
very clearly that the ongoing warming has reached
a depth of around 50 m at that site.

Biosphere

A key to predicting Svalbard tundra ecosystem
responses to drivers of change is a thorough
understanding of the functioning of food webs
(Legagneux et al. 2012, Mellard et al. 2021). The
Climate-ecological Observatory for Arctic Tundra
(COAT), a core of the SIOS biosphere monitoring,
has implemented research infrastructure to
facilitate data-driven causal analyses and short-
term predictions (see chapter 7 - cross-ref to COAT
chapter). One major outcome obtained from the

c)

Figure 3: The land module contains infrastructure established by the Climate-ecological Observatory for Arctic Tundra plus
15 separate instruments/infrastructures across eight institutions. A few examples are shown here. a) Automatic weather
station operated on Etonbreen, Austfonna recording near-surface temperature, relative humidity, wind direction and speed,
radiative fluxes, as well as snow height and air temperature. These are transmitted to University of Oslo for quality-control
and analysis. Solar panels and a wind-turbine provide sustainable energy to power the recording and transmission systems.
(Photo: Thorben Dunse). b) Field campaign in Adventdalen using drone with ground penetrating radar to measure snow
depth over extended areas. (Photo: Eirik Malnes). ¢) The InfraNor upgraded UNIS medium-sized 3 m high permafrost drill
rig (Photo: Ullrich Neumann / Kolibri GeoServices).

7 https:/cryo.met.no
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Figure 4: The land module has resulted in numerous scientific results, exemplified here by two important aspects of
climate warming, namely Arctic greening and permafrost thawing. a) Annual Measurements of different greening-related
parameters (NDVI, MTCI [MERIS Terrestrial Chlorophyll Index], and EVI [Enhanced Vegetation Index]) extracted from the
hyperspectral FLoX (i.e., hyperspectral field sensor) system for the growing seasons of 2019-2023. The MERIS terrestrial
chlorophyll index (MTCI) is sensitive to chlorophyll content (Tammervik 2024). b) Average ground temperature showing
the geothermal gradient down the 100 m deep borehole in Endalen. Data from the period November 2021 to November

2023 (Christiansen 2024).

pool of data from the module, was the evaluation
of the high-Arctic tundra ecosystem conditions
(Pedersen et al. 2021) where one of the main
findings is that while the cryosphere and climate
have undergone clear changes, the biosphere
responses are less pronounced, and biological
change may be lagging behind the climatic changes.

Karlsen et al. (2024) report a recent rapid and
strong increase for Svalbard tundra productivity
(MaxNDVI, Normalised Difference Vegetation
Index) strongly related to the recent air temperature
increase during the growth season. The high
tundra productivity observed in 2022 through
remote sensing methods is corroborated by in-situ
hyperspectral measurements (Tammervik et al.
2023; Figure 1). Trends noted through monitoring
by near-surface NDVI and hyperspectral sensors
in the period 2015-2023 (Karlsen et al. 2021;
Parmentier et al. 2021; Karlsen et al. 2022;
Tommervik et al. 2023) were similar to those
reported by Karlsen et al. (2024).

2.2.2. Module 3: Ocean

This module focuses on enhancing the marine
infrastructure needed for better temporal and
spatial coverage around Svalbard to capture the

rapidly changing Arctic marine environment. The
network of ocean observatories combines fixed
observatories with mobile autonomous vehicles to
record long-term time series for monitoring climate
change and long-term trends, and short-term,
high-resolution spatial studies. The observatories
monitor areas like the Arctic Ocean inflow west
and north of Svalbard and shelf-fjord regions along
the West Spitsbergen coast, including physical and
biological oceanographic coupling; structure and
variability of ocean currents; ocean nutrients and
pollutants (horizontally, vertically and through the
food chain); and ecosystem resilience to climate
seasonal variability and long-term change.

The module includes: 1) Long-term monitoring of
the Atlantic Water inflow to the Arctic Ocean and
onto the continental shelf and flord areas through
the A-TWAIN mooring array north of Svalbard
(NPI/IMR) and the oceanographic mooring in
Kongsfiorden (UiT), respectively; 2) Monitoring of
changes of temperature, salinity, and circulation
pattern in Isfjorden and Adventfjorden through
the UNIS Online mooring (Figure 5a) and the NIVA
mooring, respectively; 3) Improved spatial coverage
of ocean observations by using gliders (Figure 5b)
ranging from deep waters, over the continental
slope, to the shelf, to understand the dynamics
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and variability of the current carrying warm Atlantic
water toward the Arctic Ocean and the exchange
mechanisms important for Atlantic Water intrusion
towards the Arctic fjords; 4) Tracking methane
release and other greenhouse gas exchanges
from the seafloor (continental shelf) to the sea
surface using observatories such as the K-Lander
system; and 5) Attaining better understanding
of physical and biological coupling by adding
biological and biogeochemical instrumentation to
the infrastructures listed in 1)-4).

The upgrades of existing marine infrastructure, and
the purchase and deployment of new observation
platforms, took place from 2018 to 2023. All
infrastructures have provided data (except the
K-Lander) and been operational for several years.
Data are openly available in various international
repositories, linked to the SIOS Data Management
System (SDMS), and have been used in several
publications.

The observations enabled by InfraNor Module
3 have proven to be valuable in several areas,
including:

e The upgraded sensors on the mooring array
north of Svalbard to measure Arctic Ocean inflow
have provided data of physical, biochemical and
biological relevance (Sundfjord et al. 2022).

e Moorings in Kongsfjorden (which have produced
the longest marine time series in Svalbard) were
upgraded and new moorings were acquired to
collect data in Isfiorden (southern side close to
the Svalbard airport) and Adventfjorden (close
to the Adventfjorden river delta) for physical,
biochemical, and biological time series studies
(e.g., Hop et al. 2019; Cottier et al. 2018, 2021;
Skogseth et al. 2020).

e An online mooring was installed in Isfjorden.
Although the acoustic transfer of ocean data to
a surface buoy was unsuccessful, the surface
buoy gave valuable real-time observations of
sea surface temperature, sea surface salinity,
ocean waves, and meteorological parameters
(wind speed and direction, air pressure, relative
humidity, dew point temperature).

8  https://sios-svalbard.org/SOFT 2023

e Complementary measurements of bio-
geochemical parameters in the fjord close to
the Adventfjorden river delta and from the
river delta upstream (old Aurora station in
Adventdalen) increased our understanding of
land-ocean interaction processes.

e A new ocean glider, a 1000-m rated Teledyne
Webb Slocum electric glider equipped with
a pumped CTD system, was acquired and
integrated into the glider pool and operations
of the NorGlider facility coordinated by the
University of Bergen. These gliders collected
temperature and salinity profiles in waters
around Svalbard.

e The SIOS InfraNor glider infrastructure has been
available to the SIOS Access call since 2023 and
was used by UNIS in 2023 and 2024 through
the SIOS Access project “Spitsbergen Ocean
Front Transect (SOFT)”, providing valuable
temperature and salinity profiles to study fjord
circulation.

Scientific results from the InfraNor fixed mooring
infrastructures (A-TWAIN, Kongsforden and
Isfjorden) have been summarised in the ARiS
chapter (Bensi et al. 2025). The integration
of stationary fixed observatories with mobile
autonomous vehicles provides unique insights
into the factors that influence the dynamics
of the marine environment around Svalbard.
These insights include physical and biological
oceanographic coupling, the structure and
variability of ocean currents, ocean nutrients and
pollutants (horizontally, vertically, and through the
food chain); and ecosystem resilience to climate
seasonal variability and long-term change.

Here we showcase the glider infrastructure.
The glider is integrated into the glider pool and
operations of the Norglider facility coordinated by
the University of Bergen. This integration allows any
available glider (Slocum or Seaglider) in the facility
to be utilised for target transects or projects. The
glider has been used to collect data in the West
Spitsbergen Current off-shelf west of Svalbard
as well as in Isfiorden (SIOS access project 2023
- SOFT_2023®) and the Barents Sea, supporting
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Figure 5: (a) UNIS Online Mooring in Isjorden. (Photo: Eva Falck) (b) Glider mission tracks in Fram Strait, Isfijorden and in the
Barents Sea. Each coloured track represents a different mission. In Fram Strait, 3 missions repeatedly sampled the West
Spitsbergens Current, and in the Barents Sea, 6 missions repeatedly sampled selected transects in the region. (Figure: llker

Fer)

the Nansen Legacy activity. Data from these
missions are available from Fer et al. (2021), Kolas
et al.(2022), and Fer et al. (2024). The scientific
results are reported in Kolas et al. (2020) and Kolas
et al. (2024). The glider will continue to be available
based on rentals and other financed activities.

Four successful deployments were made west
of Spitsbergen, including one in Isfiorden. Since
October 2018, the glider has conducted a total
518 science days (out of 537 total mission days)
resulting in 2390 profiles. During these missions,
22 transects were obtained across the West
Spitsbergen Current, between the prime meridian
and the 400-m isobath at about 12°E. This dataset
is presently being analysed to study the dynamics
and variability of the current carrying warm Atlantic
water toward the Arctic Ocean. Excluding targeted
missions with microstructure probes in the Barents
Sea polar front region, 6 standard glider missions
were made in the Barents Sea between summer
2019 and fall 2022, with 403 days of science
sampling returning more than 6000 profiles. Using
the observations from the gliders, combined with
observations from scientific cruises and a historical
dataset compiled by UNIS (Skogseth et al. 2019),
Kolas et al. (2024) presented detailed circulation
pathways in the northwestern Barents Sea, and
quantified that half of the Atlantic Water inflow
through the Barents Sea opening between Svalbard
and Norway reaches the Hopen Trench, and

then subducts under polar waters and continues
northward, steered by topography. Compared to
1980, the average Atlantic Water temperature in
this region increased by 0.7°C and freshened by
0.1 g/kg, with implications for poleward transport
of warm water.

2.2.3. Module 4: Common Infrastructure

In this module, we introduced new interdisciplinary
research infrastructure that contributes unique
capacities through collection of new data time
series. The fact that the infrastructure and sensor
capacities have applications in multiple domains
lead to the creation of the Common Infrastructure
Module.

Specific remote sensing products are identified as
one of the common infrastructures of the SIOS-
InfraNor project. Daily CMODY5 (for neutral winds)
processing of high-resolution Sentinel-1 SAR wind
fields was set up at the Nansen Centre. The wind
fields were estimated from VV polarised medium
resolution (40 m) SAR normalised radar cross
section (NRCS) combined with wind directions
from the AROME-Arctic forecast model, available
from the Norwegian ground segment and the
Norwegian Meteorological Institute. The wind
fields for 2019 and 2020 are made available to
SIOS via the OPeNDAP protocol on the THREDDS
server at the Nansen Centre and are expected to
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be incorporated in the SIOS data catalogue.

A Svalbard-wide vegetation map has been generated
as a common infrastructure using Sentinel-2 data.
The Multispectral Instrument (MSI) onboard the
satellites provide images with a resolution of 10,
20 and 60 metres. In this product Sentinel-2 A/B
14 images from the dates 2 August 2017 and 31
July 2017 are used in the map creation process.
The final map is not yet available but is expected to
be made available on SIOS data portal.

The main investment of this module was the
establishment of the Dornier DO228 aircraft
instrument pod, permanently stationed in
Longyearbyen. This unique capability is a
collaboration with Lufttransport AS whereby one
of the firm’s aircraft carries a permanently attached
instrument pod housing state of the art sensors.
This gives low-cost access throughout the year
as there are no ferrying costs. The broadband
long range communication system in the pod
has allowed us to use the aircraft as a datamule
transferring gigabytes of data from buoys within a
1000 km range. This is much more efficient than
using an ice-breaker, reducing the environmental
footprint of the research in addition to offering the
possibility of real time data transfers to scientists
in the field.

Key capabilities of the Dornier research Aircraft
instrument pod”:

e Optical Imaging Sensors: The aircraft is fitted
with hyperspectral sensors that capture data
across 186 spectral bands in the range of 400-
1000 nm and a 50 Mpix aerial RGB camera.

e High Resolution: The sensors provide a ground
resolution of approximately 30 cm for the
hyperspectral camera and 10 cm for the aerial
RGB camera from an altitude of 1000 metres,
covering about 600 metres across track.

e Georeferencing: With proper post-processing,
the navigational data can achieve direct
georeferencing with an accuracy of up to 0.5
pixels.

e Operational Flexibility: The aircraft is used for

9  https://sios-svalbard.org/aerialRSplatforms

regular flights in the Svalbard region and can be
chartered for specific research missions year-
round.

e Future Expansion: There are plans to
potentially include additional sensors such as a
hyperspectral imager (SWIR 900-2500 nm), SAR
sensor, thermal camera, and laser scanner.

There have been several campaigns where data
have been collected since the platform became
operational in 2020, supporting a wide range of
studies within glaciology, vegetation and marine
and coastal studies. Flight tracks for hyperspectral
data capture are shown in Figure 6a. An example of
use of the airborne data is presented by Btaszczyk
et al. 2022, where the aerial data are combined
with terrestrial laser scanning data to study
geomorphological changes in the Hornsund area.
Jawak et al. 2021 describes how the SIOS aircraft
data products helped fill the data gaps caused by
the Covid-19 pandemic travel restrictions and lack
of in situ data acquisition in 2020.

Drone services are also part of the SIOS Research
Infrastructure Access Programme. One example
of how these services can be applied is collection
of data on snow water equivalents using a drone
mounted UWB radar (Eckerstorfer et al. 2018);
another is use of a vertical take-off and landing
(VTOL) drone to scout for icebergs from RV
Kronprins Haakon in support of the SFI CIRFA
cruise (Dierking et al. 2022). The drones are well
suited for carrying custom sensor packages as they
are based on open-source software which makes it
easy to interface the data flow to the drone system
and provide and inject essential metadata from the
drone to the dataset, such as position, orientation
and data from other sensors carried onboard. The
multirotor drone currently available can carry up to
20 kg payload and has a flight time of between
10 and 45 minutes depending on payload weight.
The VTOL drone can carry 2 kg payload for up to 2
hours and cover 100 km in a flight.

2.2.4. Module 5: Data management

The SIOS Data Policy promotes free and open
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Figure 6: a) Flight tracks for Dornier hyperspectral data collection. (Photo: Agnar Sivertsen) b) Dornier as a datamule for

the ArcticABC project. (Photo: Pedro de la Torre)

access to data. It is a requirement that scientists
and projects utilising the SIOS Infrastructure also
adhere to the SIOS Data Policy and deposit data
in a data centre contributing to the SIOS Data
Management System?© (SDMS).

The main focus of SIOS-InfraNor data management
has been to ensure that the data generated by the
instrumentation funded are properly taken care of
and shared through SDMS. SDMS is a physically
distributed data management system where data
are not hosted in a centralised location, but rather
integrated through integration of data centres
contributing to SIOS. Thus, to ensure a functional
system, SIOS relies on agreed standards for
documentation of and access to data. Utilisation of
standards allows integration with discipline-specific
(e.g., WMO Information System) and regional (e.g.,
Copernicus Marine Environmental Monitoring
Service) data management systems. Development
of the SDMS technical infrastructure is aligned
with current efforts of, e.g., the combined SAON/
IASC Data Committee and builds on the experience
of distributed data management during the most

10 https:/sios-svalbard.org/Data

recent International Polar Year.

SDMS is a physically distributed data management
system tied together by discovery and harvest
of metadata, which is similar to index cards in
libraries, documenting what is measured, by
whom, where, when and how it can be accessed.
Sub-systems that do not comply with the agreed
interoperability standards cannot be integrated.
The lowest level of integration is unified data
discovery. For this to be useful, harmonised
terminology is essential for description of what is
measured, and for identification of standardised
data access mechanisms and documentation at the
use level. If the latter parts are properly done by
data centres contributing, it is possible to do on
the fly visualisation, subsetting and transformation
of datasets. An example of on-the-fly visualisation
of data is provided in Figure 7 which shows the
information from an automatic weather station
on Etonbreen. Data are stored according to
CF-NetCDF convention and served through an
OPeNDAP server. This implies that the visualisation
application can be operated by one data centre

11 InfraNor

257


https://sios-svalbard.org/Data

258

and the data served by another data centre. The
user can choose if data are to be downloaded as
NetCDF format or other formats (e.g., CSV for easy
analysis).

Given the framework described above, the main
emphasis during the project has been to improve
integration of selected partner data centres and
ensure proper documentation and publication of
the datasets generated. All data collected during
the project are supposed to qualify as SIOS Core
Data and thus implicitly should be published in
harmonised form using CF-NetCDF or Darwin Core
Archives. This ensures that data easily and with the
help of computers can be combined.

While proper documentation has been achieved
for most of the datasets, some work is still
pending in order to fully integrate all data through
the data repositories handling them. When it
comes to interoperability interfaces at partner
data repositories, no major advances have been
made during the project; interfaces are primarily
as they were before the project started, with
interoperability primarily achieved at the discovery
level. This has been a challenge in SIOS since the
start and in order to circumvent this, some datasets
with a higher potential for integration across
providers and with other data, and that have greater
potential for reuse in community-wide services
(e.g., EOSC and BlueCloud 2026) have been routed
to data centres that have all interfaces in place. In
addition, some already published datasets have
been cached by these data centres in order to
improve functionality. On a general basis there is
a lack of understanding of what is needed of data
management harmonisation in order to establish a
coordinated network of observations (e.g., World
Meteorological Organization, Global Biodiversity
Information Facility) as opposed to the normally
fragmented data documentation used in scientific
communities.

While there have been challenges with harmonising
data documentation for several datasets, this has
succeeded for ocean data. The same applies to

information from weather and permafrost stations
as well as remote sensing data. Many of these
datasets are documented using the standards
required and are served through interfaces that
allow integration into decision support systems or
further processing. When it comes to biodiversity
data - in this context essentially the ecosystem-
based data of the Climate Ecological Observatory
for Arctic Tundra (COAT) - only interoperability at
the discovery level has been achieved, leaving no
interoperability at the use level. For these datasets
a human in the loop is required to understand
the data collected and no services like on the fly
visualisation can be offered.

Data generated by drones or the Dornier
instrument pod have been a major challenge which
is now addressed by data transformation tools
allowing representation of point clouds in multiple
forms, including CF-NetCDF as required by the
SDMS Interoperability Guidelines. These data will
be published as CF-NetCDF but users will have
the ability to download data in other formats (as is
supported, e.g., for timeseries).

Although there was a strong emphasis at
management level on data management in the
project, this focus, with a few exceptions, was not
fully understood nor adopted at the instrument
implementation level. The understanding of what
the FAIR guiding principles imply is weak in the
community. One potential cause could be that many
observational scientists are more interested in their
own data than in combining these with other data.
The situation is quite different among scientists
within remote sensing and numerical simulation as
these often use data provided by others and see the
benefit in harmonised documentation standards.
Another explanation could be that the knowledge
and skills to create good datasets are lacking. This
could be compensated by training activities, which
was not covered well in the project. This will of
course only help if data providers understand the
need for harmonised documentation in order to
integrate data across data providers.
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Figure 7: Screen dump of a dataset collected using an automatic weather station at Etonbreen. This is the visualisation
available in the data portal if data are published in the appropriate form.

3. Contributions to interdisciplinarity

InfraNor’s multidisciplinary nature enables
interdisciplinary capabilities by combining
co-located and distributed infrastructures, with
their data integrated into the SDMS, thereby
facilitating a holistic approach enhancing the
understanding of Earth System Science. The SDMS
links all the components, creating interconnections
within the multidomain research infrastructure and
paves the way for interdisciplinary studies.

Examples of interdisciplinarity can be found in
all modules of InfraNor. A specific example is

COAT (Pedersen et al 2025) within the land
module, which is an adaptive ecosystem-based
programme combining ecology and geophysics
(e.g., meteorology, snow geophysics, climate-
related monitoring, etc...), and thus contributing to
conservation and management of climate-sensitive
components of Norwegian Arctic ecosystems.

Permafrost boreholes have been established at
remote COAT weather stations in Svalbard, forming
an integrated monitoring system that provides daily
updated data essential for examining and tracking
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current conditions, trends, and effects of extreme
climate events on active layer thickness and
permafrost temperatures.

The observation programme has been expanded
to include measurements of soil moisture, near-
surface soil temperature, snow depth, and surface
irradiance. This approach fosters consistency and
collaboration across national and international
initiatives, reduces the environmental impact of
the installation, and maximises the value of new
stations.

As a result, permafrost data are better integrated
and more accessible to climate, snow, and
permafrost modelling communities, as well as
remote sensing communities for calibration and
validation (Isaksen et al. 2022).

The strategy also optimises MET Norway’s
operational value chain, enabling rapid and efficient
data access.

4. Analysis of achievements

The recent upgrades and installation of advanced
instrumentation have significantly enhanced long-
term monitoring programmes, elevating the quality
and sensitivity of these critical observations, further
filling some critical observational gaps. The openly
accessible data are utilised by numerous national
and international organisations for informed
policymaking and by scientists conducting in-depth
analysis and research.

COAT has successfully demonstrated the use of
the ecosystem-based data as a basis for evaluation
of ecosystem condition of high Arctic tundra
in Svalbard (Pedersen et al. 2021). COAT has
successfully implemented research infrastructure
for monitoring of five biotic food web modules and
a climate monitoring network, consisting of eight
full-scale automatic weather stations and more
than 300 ground temperature loggers.

The Common Infrastructure Module provides
infrastructure and sensor capacities having
applications in multiple domains to support cross-
disciplinary priorities. Some infrastructures of the
Ocean Module have been used for other projects
such as the Nansen Legacy project (Fer et al. 2021,
2024 Kolas et al. 2022).

The multidisciplinarity that is conferred by the
InfraNor multidisciplinary research infrastructure
and the SDMS together with other projects that
have made use of InfraNor has been treated in
various previous SESS reports. This is presented
in reverse chronological order in the following
SESS chapters: SNOW 23 (Malnes et al. 2024);
SATMODSNOW 2 (Vickers et al. 2024); SATS
(Haaland et al. 2024, 2023); LOAD-RIS (Hansen
et al. 2023); SCD (Matero et al. 2022); COAT
(Pedersen et al. 2025, 2022, 2020); PermaSval
(Christiansen et al. 2021, 2020, 2019); GROWTH
(Karlsen et al. 2020); PASSES (Salzano et al. 2021);
iIMOP (Cottier et al. 2022, 2019); GCI Cusp (Moen
et al. 2019).

The remote sensing products have been produced
for a defined/limited time-series: if extended further
they will provide essential data for understanding
long-term changes in Svalbard. The data produced
by different modules should be fully exploited to
address cross-disciplinary questions.

The Dornier platform is a powerful tool to gather
vast amounts of hyperspectral and RGB aerial
data, with extremely high resolution and position
accuracy. That in itself is also a challenge when it
comes to distributing and analysing the data. We
are still working on improving accessibility on both
points. The other challenge is to increase the use of
the platform: costs associated with chartering the
aircraft and user co-pay requirements limit its use.
During the Covid-19 period the aircraft was one of
few ways to gather data during lockdown and travel
restrictions, and we saw increased use (Jawak et al.
2021). The model of combining passenger aircraft,
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logistics and science has made this an extremely
cost-efficient tool available year-round as it is based
in Longyearbyen. The drone infrastructure also has
capacity for more use, the main challenge here as
well is the need for co-funding by users.

Tremendous amounts of hyperspectral data
collected by the instruments on the Dornier aircraft
have made Svalbard one of the hyperspectral-
rich data regions on our planet. The lessons
learned from use of common infrastructure can
be an example for Arctic observing systems on
continuation of data series during natural calamities
such as pandemic. Common infrastructure also
inspired collaboration between scientists working
in Svalbard.

A sharper focus on data management early in

REVIEW

the process would be advisable. None of the
universities in Norway has infrastructure in place to
deliver data through SDMS (even after the project
is finished). That makes it almost impossible to
fulfil the demands of SIOS without a lot of ad-hoc
solutions. The available national infrastructure is
also missing this functionality. In many contexts,
data centres have placed more emphasis on
Findable and Accessible, than Interoperable and
Re-useable, which is where the real benefit of
data management lies. Work is in progress to
compensate for part of this at some data centres,
but these processes take much time. Mitigation
through direction of data submission to data
centres that fulfil SIOS requirements would solve
the issue while other data centres improve their
interfaces.

5. Recommendations for the future

e To monitor rapid climate shifts and their impacts
in the Arctic, it is vital to secure long-term
funding for Svalbard’s observatories and ensure
open, accessible, and well-documented data to
foster collaboration and wider research use.

e Enhanced use of different levels of remote
sensing (e.g., satellites, aircraft, drones) could
be supported by various funding tools, e.g.,
transnational access support from EU, SIOS
access programme. Higher-level product
development and user training workshops would
lower user barriers.

e The data produced by SIOS and supported by
projects like SIOS-InfraNor should be evaluated

6. Data availability

See Appendix 2.

against Copernicus service requirements in
cross-disciplinary working group meetings. The
recently published Copernicus Polar Roadmap
2024 highlights the evolution of these services.

e In reference to the updated Copernicus
Roadmap and its recommendations, a re-analysis
of observation gaps is strongly recommended.

e Further synergies should be sought by
integrating SIOS InfraNor data (e.g., vegetation
and snow data) as drivers of ecosystem change,
particularly related to the long-term ecosystem-
based monitoring done by COAT and other
SIOS-related projects.
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Appendix 1: List of acronyms

AOD - Aerosol Optical Depth
API - Application Programming Interface
APS - Aerodynamic Particle Sizer

A-TWAIN' - Long-term variability and trends in
the Atlantic Water inflow region

AWS - Automatic Weather Station

BlueCloud?® - the Open Science platform for
collaborative marine research

CADI - Canadian Advanced Digital lonosonde
CF-NetCDF - Network Common Data Format
(NetCDF) with Climate and Forecast (CF) standard

naming convention

CGl-cusp - the Grand Challenge Initiative (GCI)
Cusp initiative

CMOD5"® - geophysical MODel function for ERS
C-band scatterometry

COAT - Climate Ecological Observatory for Arctic
Tundra

CTD - Conductivity, Temperature, and Depth
(oceanographic measurement instrument)

EOSC - the European Open Science Cloud
ERS - European Remote Sensing Satellites
ESA - the European Space Agency

ESS - Earth System Science

EVI - Enhanced Vegetation Index

11 https:/www.npolar.no/en/projects/a-twain/
12 https:/blue-cloud.org/

FAIR - Findable Accessible Interoperable Reusable

FloX - Fluorescence boX (chlorophyll fluorescence
observation instrument)

GSM - Global System for Mobile Communications
GTN-P - Global Terrestrial Network on Permafrost
IASC - the International Arctic Science Committee

ICI-5 - Investigation of Cusp Irregularities 5th
mission

IMR - the Norwegian Institute of Marine Research
K-Lander®™ - Kongsberg Seabed Observatory
KLEO - Kapp Linné Environmental Observatory
MET - the Norwegian Meteorological Institute
MSI - Multispectral Instrument

MST - Mesosphere Stratosphere Troposphere
MTCI - MERIS Terrestrial Chlorophyll Index

NDVI - Normalised Difference Vegetation Index
NIVA - the Norwegian Institute for Water Research
NPI - the Norwegian Polar Institute

NRCS - SAR Normalised Radar Cross Section,

OPeNDAP - Open-source Project for a Network
Data Access Protocol

PFR - Lunar Precision Filter Radiometer

13 https:/www.ecmwf.int/en/elibrary/74789-cmod5-improved-geophysical-model-function-ers-c-band-scatterometry

14 https:/www.jb-hyperspectral.com/products/flox/

15 https:/www.kongsberg.com/maritime/news-and-events/news-archive/2016/innovation-meets-new-modular-design-the-kongsberg-k-

lander-mk2-seabed/
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PMSE - Polar Mesospheric Summer Echoes
PMWE - Polar Mesospheric Winter Echoes

RI - Research Infrastructure

SAON - the Sustained Arctic Observing Networks
SAR - Synthetic Aperture Radar

SDMS - SIOS Data Management System

SFI CIRFA - Research-based Innovation (SFI1%)
Centre for Integrated Remote Sensing and
Forecasting for Arctic Operations (CIRFAY)

SOFT - Spitsbergen Ocean Front Transect

SIOS InfraNOR?™® - Svalbard Integrated Arctic Earth
Observing System - Infrastructure development of

16 https:/www.forskningsradet.no/finansiering/hva/sfi/
17 https://cirfa.uit.no/

18 https:/prosjektbanken.forskningsradet.no/project/FORISS/269927

REVIEW

the Norwegian node

SOUSY - SOUnding SYstem (MST Doppler Radar)
SWIR - Short Wavelength InfraRed

UWB - Ultra Wide Band

THREDDS - THematic Real-time Environmental
Distributed Data Services

UiT - the University of Tromsg - the Arctic
University of Norwa

VTOL - Vertical Take-Off and Landing

WMO - the World Meteorological Organization
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1. Introduction

This chapter outlines the contribution of the
Svalbard Integrated Arctic Earth Observing System
(SIOS) to the IV International Conference on Arctic
Research Priorities (ICARP V) process (Lihavainen
et al. 2024).

Spanning from 2022 to 2026, ICARP IV is a
community-driven initiative for planning Arctic
research over the next decade (Figure 1). It brings
together Arctic researchers, Indigenous Peoples,
policymakers, residents, and stakeholders from
around the globe. It will discuss the state of Arctic
science and the place the Arctic occupies in global
affairs and systems, to:

e Consider the most urgent knowledge gaps and
Arctic research priorities and needs for the next
decade, and

e Explore solutions to address these research
needs.

Arctic Research Planning for the next Decade -
Fourth International Conference on Arctic Research Planning (ICARP IV)

Process (2022 - 2026)

* In-person Engagement
(e.g. Workshops,

Website: icarp.iasc.info
Information Sessions)

Email: info@iasc.info + Online Engagement
(e.g. Survey)

* Input from Projects,

Statements

Phase 2

Preparing for

ICARP: IV
Seeking Community

Input

Phase 1

* ICARP IV International
Steering Committee and
ICARP IV Conference Host
Committee formed

« ICARP IV Engagement and
Communication Plan
developed.

Defining Research
Priorities

Phase 3

+ Research Priority Teams

* Workshops (ASSW 2024)
and ICARP IV Planning
Retreat (autumn 2024)

+ Drafting of research
priorities and their
implementation plans
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In the ICARP IV process, seven topic areas have
been identified, with each area represented by a
research priority team. These research priority
teams work to:

e Define the knowledge gaps and research
priorities for the next decade for their topic area
based on the input collected

e |dentify and suggest opportunities to enhance
synergies that might exist across existing
research plans, or where there is potential for
formalising new alliances and collaborative
partnerships

SIOS has submitted the recommendations
presented in this chapter to the ICARP IV process.
The recommendations will be distributed to
the corresponding research priority team. After
assessment, the research priority teams will present
research priorities and implementation plans
based on all the contributions, during the Arctic

= ICARP |V

INTERNATIONAL CONFERENCE ON
ARCTIC RESEARCH PLANNING

« Presentation of research
priorities and their
implementation plans

« Consultation on priorities
and implementation

Phase 4

Initiating
) Implementation
Consulting on

Priorities

Phase 5
* ICARP IV Final Report

« Initiation of implementation
of research priorities

ICARP IV Conference /
ASSW 2025
21 - 28 March 2025, Boulder, - developing Arctic research
themes for the
International Polar Year
2032-33

2022 2023 2024 2025 PAOYAS)

Figure 1: The ICARP process between 2022 and 2026!

1  https:/icarp.iasc.info/publications/publications-icarp-iv
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Science Summit Week. This will be followed by a
consultation phase.

The final report from ICARP IV will be available in
2026, after which the implementation of research
priorities will begin. ICARP 1V is also a one of the
primary tools to determine the Arctic Scientific
goals and directions for the upcoming Fifth
International Polar Year in 2032-2033".

2. Background

SIOS is an international consortium of research
institutions with research interests and infrastructure
in and around the Norwegian High Arctic archipelago
of Svalbard. Within SIOS, researchers collaborate by
sharing data and research infrastructure to build an
efficient observing system that focuses on long-
term monitoring of parameters that are important
to understand the Arctic in the context of global
environmental change. The vision of SIOS is to be
the leading long-term observing system in the Arctic
to support societal needs for Earth System Science.
SIOS currently has 29 member institutions from 10
different countries active in research in and around
Svalbard.

SIOS publishes an annual report entitled “The State
of Environmental Science in Svalbard” (SESS), which
includes recommendations for future activities to
close knowledge gaps in Svalbard-related research.
The SESS report is established as an authoritative
source of information about the state of the
environment in and around Svalbard and it is an
important tool to convey knowledge to stakeholders
and the public. The SESS report is the main driving
force for the science-based development of the
observing system and represents an opportunity for
research groups to actively influence the prioritisation
within SIOS.

The SESS report is a bottom-up process to develop
SIOS. Each chapter in the SESS report includes
recommendations on how to develop the observing
system. Contributions to the SESS report are written

1  https:/icarp.iasc.info
2 https://sios-svalbard.org/PNW2024 Programme

SIOS can serve as an example of how the ICARP
IV recommendations can be implemented on the
regional scale. It can simultaneously provide a
regional platform with well-developed and mature
observation facilities where bold questions can
be successfully addressed. SIOS is well suited to
provide guidance for what can be implemented
pan-Arctic during the fifth International Polar Year
(2032-2033).

by international and, preferably, multidisciplinary
groups led by researchers from SIOS member
institutions. All chapters are peer-reviewed and
subject to final approval by an editorial board. There
have been more than 200 recommendations since
the first SESS report in 2018. A synthesis of the
recommendations presented in the first four SESS
reports was published in 2024 (Christiansen et al.
2024). The objective was to condense and prioritise
key recommendations for four environments
(atmosphere, cryosphere, marine, terrestrial).
These were used to identify common and unifying
recommendations for SIOS.

An ICARP IV workshop was organised as part of SIOS’
main annual event, Polar Night Week (22" to 26"
January 20242). Polar Night Week is an arena for the
exchange of ideas, reflection and planning of future
activities, and it creates a vibrant atmosphere in the
middle of the beautiful polar night. The workshop was
organised in according to the seven Research Priority
Areas identified by ICARP IV. In the workshop, we
discussed six of these. The workshop participants
were divided into four groups, each tasked with
contributing to a selection of ICARP IV topic areas.
The outcomes from different breakout groups
were organised, prioritised according to pan-Arctic
perspective and similar responses were combined.

A panel discussion with the keynote speakers at
Polar Night Week was also organised. This gave
an additional perspective from outside SIOS’ own
environment.

SESS Report 2024 - The State of Environmental Science in Svalbard
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The contribution of SIOS to the ICARP IV process
is based on group discussion during the workshop,
panel discussion, recommendations from the six
SESS reports published so far and - especially -
the synthesis report (Christiansen et al. 2024). The
workshop and panel discussions were important
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complementary elements and in many cases the
outcome overlapped with SESS recommendations.
The recommendations ultimately submitted to
ICARP IV were prioritised based on their pan-Arctic
relevance (Lihavainen et al. 2024).

3. Contributions to interdisciplinarity

SIOS itself is interdisciplinary within Earth System
Sciences and thus perfectly suited for the ICARP
IV process.

The ICARP IV process is inherently interdisciplinary
through its engagement with researchers,
Indigenous People, and stakeholders. The scientific

focus of ICARP IV will be on important research
guestions that cut across many disciplines and
knowledge systems, and that require new and
innovative thinking and collaboration. ICARP IV will
develop a vision for implementation and science
plans to address these priorities.

4. Recommendations from the SIOS community to ICARP IV

topic areas

Seven topic areas have been identified by the
ICARP |V process. Recommendations to different
identified topic areas resulting from SESS report
recommendations and workshop are listed below. It
should be kept in mind that the recommendations
below are by no means comprehensive and do not
include all aspects of global change. SIOS represents
research infrastructure in around Svalbard, and this
is reflected in the recommendations.

Unless otherwise stated, these recommendations
are based on the summaries of the group work and
panel discussion.

Topic Area 1: The Role of the Arctic in the Global
System

The Arctic encompasses the entire overlying
atmosphere from the surface, through the
troposphere and stratosphere and out into the
mesosphere / lower thermosphere-ionosphere
(M/LTI), which extends up to 1000 km altitude.
To fully understand the effects of climate change,
as well as the dynamics and interactions between

these different atmospheric layers (along with the
impact of space weather), long time series datasets
of the M/LTI region, not only above Svalbard, but
in the polar cap, its boundary and cusp regions,
are needed. The polar atmosphere is strongly
influenced by the solar wind (particles coming from
the Sun) along with the solar magnetic field (the
IMF or Interplanetary Magnetic Field). The polar
cusps are two funnel-shaped regions in the Earth’s
magnetic field, where solar wind particles can
directly enter the Earth’s atmosphere. Collisions
between these particles and the atmosphere
produce the aurora. Cusp aurora is the scientific
term for the aurora in daytime. Svalbard’s unique
location and infrastructure means it is the only place
where the cusp and the polar cap boundary can
be studied using ground-based instrumentation.
Research questions in this topic area are related
to the physics of the coupling of the solar wind to
Earth’s magnetic field in the polar regions and the
effects it has:

e how are auroral particles accelerated along
magnetic field lines in the cusp and into the
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polar cap boundary region;

e how do these energy inputs lead to heating,
upwelling and outgassing of Earth’s atmospheric
gases into space;

e how are atmospheric dynamics driven by the
IMF; and

e how does energy and momentum propagate
down to the lower atmosphere and lower
latitude regions, causing ozone depletion and
affecting the polar vortex (a strong westerly
thermal wind system which surrounds the polar
regions).

Space weather also has serious effects for man-
made technologies such as GPS systems and
satellite operability. For example, the solar storms in
May 2024 caused NASA's ICESat-2 satellite to be
knocked ~ 100 km off its nominal ground track and
placed the satellite into safe mode. This resulted in
the loss of five weeks of data and significant usage
of fuel to get it back to its correct orbit.

Ground based instruments located at the Breinosa
super observing site such as site at the Kjell
Henriksen Observatory?, the SuperDARN radar
network® and the EISCAT Svalbard Radar are able
to give long term, continuous observations of the
M/LTI region both over Svalbard (in the case of
the KHO and ESR®) and the entire polar region (in
the case of the SuperDARN network). Sounding
rockets® are currently the only way to gain in-situ
measurements of the processes within the M/LTI
region of the cusp and polar cap boundary region.
This dynamic combination of in-situ and remote
observing techniques for the cusp and polar cap
region is unique worldwide.

Topic Area 2: Observing, Reconstructing,
and Predicting Future Climate Dynamics and
Ecosystem Responses

To understand the changing water cycle in the
Arctic, it is essential to monitor all parts of the
cryosphere (Christiansen et al. 2024).

https:/kho.unis.no/
https:/www.unis.no/project/superdarn-radar//

e Both small and large glaciers must be observed
to determine peak riverine discharge, which
necessitates linking meteorological data with
detailed snow measurements, such as thickness
and snow water equivalent. Additionally, more
observations are needed on glacier thermal
regimes and calving rates. In the European
Arctic, it is also essential to study the impact
of Atlantic waters entering fjords on glacier
dynamics and nutrient cycles

e As glaciers recede, permafrost may emerge or
form in freshly exposed glacier forefields. It is
crucial to study landscape evolution in response
to glacier change to understand the influence of
the changing hydrological system on permafrost
development.

e Understanding water fluxes within the active
layer and permafrost, including permafrost-
groundwater interactions and sub-permafrost
fluid migration, requires comprehensive
observations of ground ice content, hydrological
flows and aqueous geochemistry.

e The physical, chemical, and biological
interactions of snow with the atmosphere,
soil, and sea ice are major observation gaps.
Increased rain-on-snow events impact the entire
system, highlighting the need for interdisciplinary
studies.

As Svalbard is warming faster than the rest of the
Arctic, it is an ideal location for detailed climate
studies. The strong temperature gradients across
Svalbard can be used to simulate the broader Arctic
environment and thus findings can be scaled to the
broader Arctic and global contexts. In addition, the
climatic gradient between warmer Svalbard and
cooler Northern Greenland offers valuable insights
for pan-Arctic studies.

While temperature and precipitation are vital
parameters, studying events like temperature
inversions provides deeper insights to atmospheric
conditions. There is an urgent need for continuous
observations of the vertical structure of the
atmosphere. This calls for more sounding stations

https:/eiscat.se/about/sites/eiscat-svalbard-radar/?highlight=Svalbard

o~ AW

e.g., https:/www.nasa.gov/soundingrockets/
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and sustained operation of existing stations.

Research into the discharge of microorganisms from
thawing permafrost is necessary to understand
the impact on downstream environments, such
as flord ecosystems. This requires prioritisation of
monitoring microbial communities in permafrost
vulnerable to thaw, as well as measuring parameters
such as hydrological flow and sediment or substrate
composition.

Topic Area 3: Understanding the Vulnerability
and Resilience of Arctic Environments

and Societies and Supporting Sustainable
Development

In the SIOS community, there is a recognition of
the importance of coastal studies, particularly
in the interdisciplinary exploration of coastal
erosion. Understanding the stability of coastal
areas is crucial for both human societies and the
environment, demanding collaborative efforts
across disciplines. Coastal regions are dynamic
interfaces where the atmosphere, marine,
terrestrial, and cryosphere environments converge
and interact. An interdisciplinary approach is
essential for comprehensively addressing the
complexities of coastal dynamics and developing
sustainable management strategies.

It is crucial to prioritise the monitoring of
pollutants. For instance, benthic animals have
high concentrations of antibiotic residues, which
also affect humans. Moreover, surveillance of the
airborne bacterial population is an important area
requiring further investigation.

Topic Area 4: Scientific cooperation and
diplomacy

It is vital that research in the Arctic becomes
more interdisciplinary. Interdisciplinarity requires
a common language and vocabulary, not only
between scientists from various fields, but also
between scientists, policymakers, and funding
organisations. There is a gap between data and
knowledge creation and the communication of
this knowledge to the public, thus it is important

REVIEW

to integrate rather than confine discussions within
our scientific bubbles.

Collaborating with experts from other professions
can be a more effective way to promote
interdisciplinary research than solely focusing on
economic and administrative aspects. Environmental
pollution and climate change acknowledge no
boundaries. These challenges require global
answers, and it is our duty as scientists to take a
stand and promote global cooperation. Stronger
cooperation and coordination amongst national
funding agencies are necessary for achieving this
goal.

Topic Area 6: Preparing present and future
generations through Education, Outreach,
Communication, Capacity Building, and
Networking

The significance of a common language was
discussed in Topic Area 4. Communication
and exchange should be encouraged at many
different levels, including scientists in various
fields, policymakers, local and indigenous people,
and other stakeholders. There need to be more
exchanges and communication with society on all
fronts. In the modern age, social media is evolving
rapidly. Social media and related algorithms
have a tendency to produce “echo chambers’.
To effectively convey our message, we must be
innovative.

The SIOS community strongly believes that
early career scientists should be encouraged to
participate in the ICARP IV process. Those early
career scientists who participate are an asset to
the process and must be treated as equals. Today's
early career researchers will comprise most of the
participants in the Fifth International Polar Year
(2032-2033).

Topic Area 7: Technology, Infrastructure,
Logistics, and Services

Scientists need to consider sustainability and the

environmental impact of their work. There are
multiple ways to address these considerations.
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Uncrewed observation platforms (for instance,
drones and floats) have a lower environmental
impact than icebreakers. Sampling and observations
should be automated whenever possible. It is
desirable to develop interdisciplinary supersites for
observations, sharing research infrastructures’ and
coordinating fieldwork activities to avoid duplicate
efforts onshore and offshore.

Remote access to research infrastructures is also
recommended, such that sampling and observations
can be conducted by scientists or other qualified
personnel already on location, significantly reducing
the environmental footprint.

Interdisciplinary supersites are also natural meeting
places of different disciplines and a fertile ground
for new inter- and multidisciplinary scientific
initiatives.

Improving the reuse of existing data, including

the continuation of existing data series, relies
on timely data publication following the FAIR
guiding principles and the use of open tools that
support this publication and reuse. It is crucial to
actively develop and implement data management
standards throughout the entire value chain
of science, not just in the final stages before
publication. Harmonising observation protocols
allows for easy comparison of different datasets.

The development and utilisation of new and
emerging technologies, along with Al and the
digital twin concept—numerical simulation models
linked with harmonised data in both observation
protocols and documentation—can help identify
interconnections between processes and
knowledge gaps. Making observations available
in real time where possible will further support
sustainable scientific practices and support
operational services.

5. Recommendations for the future

The general recommendations from SIOS for the
ICARP IV process are:

e Ask bold questions. What do we need to do to
make sure the world remains liveable for future
generations? Finding answers to such questions
requires broad collaborative networks like SIOS.

e |mprove multidomain integration of science,
ideally based on long-term, continuous time
series supplemented by implementation of new
technology.

e Encourage co-location of observations to focal
sites for researchers from multiple disciplines.

This will also encourage cross-disciplinary
cooperation and new joint scientific initiatives.

e Minimise duplication of observations and
datasets through cooperation and coordinated
use of infrastructure and logistics, thus also
minimising the environmental impact of
research.

e |everage interest in the Arctic by bringing
together researchers from around the world to
share data and infrastructure (e.g., within SIOS),
build common understanding, and ultimately
shape environmental policy in a geopolitically
strategic and resource-rich region.

7 EU strategy recommends sharing infrastructure, resources and services even more broadly, e.g. for education and outreach. Collections,
archives, data computing systems, communication networks—in some cases even advanced scientific equipment and instruments—could
be made more readily available. https:/research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/our-digital-future/european-

research-infrastructures_en
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Frequently asked Questions

Secular shift of the magnetic dip pole and
its consequences for auroral boundaries
(PoleMotion)

Why is motion of the magnetic pole of relevance
for Svalbard?

The motion of the magnetic pole affects navigation
and infrastructure in Svalbard. Changes in the
magnetic field require regular updates to maps
and runway designations, as seen at Longyearbyen
airport. Additionally, Svalbard’s increasing proximity
to the dip pole results in stronger local magnetic
fields.

Why does the auroral oval shift in response to
changes in the magnetic field?

The auroral oval’s position is governed by Earth'’s
magnetic field, as electrons traveling along
magnetic lines generate auroras when interacting
with the atmosphere. Changes in the geomagnetic
field, including shifts in the magnetic pole, alter the
configuration of these lines, leading to a poleward
or equatorward movement of the auroral oval.

What are the potential long-term consequences of
a shifting pole position and a weakening magnetic
field?

A shifting pole and weakening magnetic field
affect space weather which, in turn, can cause
disruption in navigation and communication
systems. Additionally, changes in the magnetic
field orientation require more frequent updates for
navigation maps and aviation charts.

Geology of Svalbard: Deep-time and Deep-
Earth (SVALGEOL)

Why should society care about Svalbard’s
geology?

Geology has historically controlled the location of
Svalbard’s permanent settlements and is an integral
element of the future sustainable development of
Svalbard.

Why and where do earthquakes occur in Svalbard?

Many smaller earthquakes occur at plate tectonic
boundaries west and north of Svalbard; these are
too small or too far from the settlements to be felt
by people. However, moderate earthquakes (up to
Mé) have been felt in Longyearbyen that originate
in the Storfjorden area, making Svalbard Norway’s
most seismically active region.

How can geology contribute to the energy
transition in Longyearbyen?

Geologists have a strong understanding of the
rocks beneath Longyearbyen and can provide
critical input for potential geothermal energy
production, exploiting the local natural gas or CO,
storage possibilities.

Can Svalbard’s rocks tell us something about how
the climate changed in the past?

Absolutely! Svalbard’s rocks record over 500 million
years of near continuous climate history and have
been studied by many international research
groups. The rocks are currently also being targeted
by a comprehensive scientific drilling project, and
have been the focus of numerous outcrop and drill
core studies.

What is the ancient beast swimming in
Longyearbyen’s “downtown”?

The popular playground installation is based on a
plesiosaur, a marine reptile fossil that lived around
150 million years ago, one of many discovered in
central Spitsbergen.
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Surging glaciers in Svalbard: Current know-
ledge and perspectives for monitoring
(SvalSurge)

Why do glaciers surge?

A “normal” glacier accumulates mass at higher
elevation and loses mass at lower elevations.
This introduces a surface slope which governs
the flow, or discharge, of ice. Surge-type glaciers
are different and instead build up mass over time
before releasing all of that ice during an “active”
surge. This period is short-lived and eventually the
glacier slows down and begins to build up mass
again. This cycle of fast and slow flow are driven by
changes in subglacial water pressure (and enthalpy)
and processes at the glacier bed which impact on
glacier sliding.

Does ongoing climate change influence glacier
surges?

Surging glaciers are located in geographical
clusters which are determined by temperature
and precipitation patterns. Therefore, climate
change could shift the optimal conditions needed
for surging away from Svalbard. Furthermore,
climate warming leads to more melt and liquid
precipitation which may be temporarily triggering
more surges as more melt reaches the glacier
bed causing an increase in glacier flow. Increased
snow precipitation can also lead to larger mass
accumulation and precondition glaciers to surge.
Ultimately, the impact of climate change is not
known.

Why is Svalbard an important location to study
surges?

Svalbard has one of the highest concentrations
of surge-type glaciers on Earth. Many of these
are relatively easily accessible on foot, boat
or helicopter. Svalbard also has an extensive
collection of historical records which can be used
to detect surges in the past, increasing the long-
term record. Finally, Svalbard is one of the fastest
warming locations in the Arctic, making it a prime
location to study the influence of climate warming

on surge-type glaciers. This all makes Svalbard an
extraordinarily well-suited natural laboratory to
study glacier surging.

Methane in Svalbard (SvalGaSess)

Are natural methane emissions from Svalbard
significant in a pan-Arctic context?

Unlikely, due to the relatively small land area
compared to known hotspots such as Siberian
wetlands and efficient removal processes
(methanotrophy) in the sea and the summer
thaw layer. Data from Zeppelin Observatory
(Ny-Alesund) show that the main driver of present
day variability in atmospheric methane above
Svalbard is long-range transport of emissions from
Northern Europe/Russia. Svalbard’'s emissions
could be up to 0.2 Tg CH, per year, whilst global
emissions according to models are probably about
580 Tg CH, per year.

What is Svalbard’s place in the Arctic methane
story - interesting anomaly, hotspot or broadly
representative type-site?

Svalbard is a small hotspot whose data-rich,
accessible and international research environment
make it an ideal analogue for the expansive yet
poorly studied Arctic regions with similar methane
dynamics (e.g., the glacierised Russian and Canadian
Arctic islands and parts of Western, Northern
and Eastern Greenland). Working on methane in
Svalbard also provides an important contribution
to the global network of atmospheric methane
observation.

What changes can we expect in methane emissions
from Svalbard due to rising temperatures?

At least in the short-term, an increase seems likely.
On land, this requires an expansion of wetlands,
the ongoing retreat of Svalbard glaciers, and the
pressurisation of deeper groundwater flowpaths by
more rain, snowmelt and glacier ablation. At sea,
this requires less sea ice to enhance ventilation
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and reduce the time spent by gas within the water
column during winter. Major, sudden increases
are possible (and have occurred during warming
periods on the past) if driven by geogenic methane
escape from beneath permafrost and glaciers.

Are current observing capabilities sufficient to
guantify regional emissions and understand the
impact of a changing Arctic?

No. Networked global/regional background
atmospheric methane measurements at sites
such as Zeppelin (Ny-Alesund) are typically used
in tandem with more localised measurements at
hotspots to help constrain their emissions. In this
context there are too few background sites in
the wider Arctic region to sufficiently constrain
emissions from Svalbard, while a full accounting of
local methane hotspots alongside a parametrisation
of their response to climate change is also lacking.

Can natural gas be utilised as a potential energy
source in Longyearbyen?

Possibly. The potential for energy utilisation of the
methane beneath the permafrost in Adventdalen
has been assessed in the literature described in
this report. At the time of writing, there is little
enthusiasm to harness the gas, in spite of its lower
CO, emissions than imported diesel and ongoing
natural leakage into the atmosphere. For now,
this leakage appears to be small compared to the
total volume of gas thought to be trapped beneath
permafrost and glaciers.

The Atlantification process in Svalbard: a broad
view from the SIOS Marine Infrastructure
network (ARiS)

Why do we need marine observatories around
Svalbard?

The marine observatories around Svalbard are
essential for collecting long-term and spatially
distributed data to capture climate signals and
understand their impact on weather patterns, sea
ice, ecosystems and ocean circulation. Svalbard

is a rapidly changing region with easily accessible
infrastructure, which makes it an ideal location for
studying the ongoing climate changes in the Arctic
environment.

What are the full ecosystem impacts of
Atlantification?

Rising temperatures and salinity in the Arctic may
trigger significant changes in ecosystems, from loss
of seaice and disruption of the food web to altered
nutrient dynamics and fish migration. All these
processes could have downstream effects also on
biodiversity and the global climate system.

What is the main driving mechanism of
Atlantification?

The most important mechanism driving
Atlantification in the Arctic is the increasing inflow
of warm and saline Atlantic Water into the Arctic
Ocean via the Barents Sea and the Fram Strait. This
process is mainly driven by changes in oceanic and
atmospheric circulation patterns and influenced by
climate change.

Microbial communities as sentinels
of environmental changes in Svalbard
(MicroSIOS)

Do we have enough information on microbiological
variables?

No. The currently available data come from widely
scattered sites and are scarcely related to other
disciplines. Long-term microbiological monitoring
systems coupled with existing infrastructure
for physical-chemical monitoring should be
encouraged.

Are microbiological variables good candidates as
environmental proxies?

Yes. Starting from a baseline description of current
microbial diversity and functions, the detection of
changes in microbiological variables could furnish
information that is crucial to understanding the
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effect of environmental dynamics and predicting
possible future scenarios.

Is bacterial antibiotic resistance spreading, and
could it represent a serious threat for humans?

Yes, antimicrobial resistance (AMR) is spreading
rapidly and some antibiotic resistance genes have
been detected in Svalbard just a short time after
they were first observed in other parts of the globe.
However, it is currently hard to assess the extent
of dispersion of antibiotic resistant and pathogenic
bacteria in the Arctic and the associated risks for
humans. Much more research will be necessary to
develop appropriate management strategies.

How can researchers describe all the different
types of microbes within a community?

Combined use of traditional methods (e.g., culture
followed by isolation and screening) and molecular
biological methods (e.g., DNA extraction and
sequencing) helps researchers gain complete
information on microbial taxa and their distribution
in the different environmental compartments. We
can figure out if a compartment hosts many or few
taxa and how much the community structure differs
from sample to sample from the same location.
We can also learn much from studying metabolic
pathways and physiology.

What methods could be applied to microbial
research to aid SIOS’ mission of reducing the
carbon footprint of research in Svalbard?

Protocols and methods adopted in Svalbard
environmental monitoring must be inspired by the
principle of reducing carbon footprints. To this end,
remote monitoring systems for microbial variables
should be encouraged, as well as the application of
automatic sampling (i.e., sensors or devices allowing
sampling to be automated), thus limiting anthropic
pressure on vulnerable environments.

Terrestrial and freshwater invertebrate science
in Svalbard in a changing world: from regional
to pan-Arctic scales (STAFIEN - Svalbard

Terrestrial and Freshwater Invertebrate
Ecology Network)

Are there really insects and spiders living in
Svalbard?

This is a question that terrestrial ecologists
often receive. But yes, there are - and not only
mosquitoes. To date, the invertebrate community
is known to be composed of over 1 000 species of
which 200+ are insects and 18 are spiders. What
is more, the total mass of terrestrial invertebrates
in Svalbard is measured in the thousands of tonnes
with often immense abundances.

https:/www.learningarcticbiology.info/

What do they do?

They play a variety of roles, for example in nutrient
cycling and the creation of organic soils. They
pollinate flowers and enable seed production.
They may eat the plants or be food for predators
such as snow buntings. They form a key element
in the ecosystem we see around us. Without them
Svalbard would appear very different from what we
observe today. As an example, plants including the
cream or yellowish mountain avens (reinrosa) or
purple saxifrage (fiellsmelle) would not be present
since organic soils would be non-existent or too
thin.

https:/www.learningarcticbiology.info

Where did they come from?

Much of the community is thought to have
colonised Svalbard since the retreat of the ice after
the Last Glacial Maximum, although some may
possibly have survived here in refuges, including
some species that are currently only known from
the archipelago (endemic). Most of the species
probably arrived here by accident, for example
being blown here by the wind or carried on
driftwood or ice-rafted debris by ocean currents. In
some years the migratory diamondback moth can
be observed around Longyearbyen, having been
blown here by southerly winds.

Frequently asked Questions

281


https://www.learningarcticbiology.info/
https://www.learningarcticbiology.info

282

https:/www.learningarcticbiology.info/learning-
arctic-biology/species-and-adaptations/
invertebrates/colonisation-of-svalbard/

Are they here in the winter then?

None of the resident invertebrates in Svalbard
migrate. While we occasionally see vagrants,
species blown here accidentally by the wind, the
remaining species are here the whole time. In
the winter the terrestrial species shelter in the
soil, or within vegetation, and often in a specific
physiological state that enables survival of being
surrounded by, or encased in, ice. There are three
basic cold tolerance strategies, those that desiccate
and remove almost all body water, those that trigger
freezing of body water in particular regions of their
bodies, and those that produce antifreeze.

https:/www.learningarcticbiology.info/learning-
arctic-biology/species-and-adaptations/
invertebrates/invertebrate-adaptations/

Do they face any threats due to climate change?

Terrestrial invertebrates face a range of threats,
the principal of which is indeed ongoing current
climate, or environmental, changes. For example,
changes in the timing of snowmelt, and the release
of the ground from winter, alter the length of the
summer period as well as, potentially, soil moisture.
Warmer winters with increased occurrence of rain-
on-snow events and the creation of thick surface
ice layers is an additional stress that is increasing in
frequency, the effect of which is unknown. Other
potential threats include new invasive species
(often introduced by humans), pollution, and land-
use changes.

Operationalisation of COAT in SIOS - an
example of adaptive ecosystem-based
monitoring in practice (COAT)

What is the High-Arctic tundra?

The High-Arctic Tundra is the most northerly
community of plants and animals inhabiting a very

dry and cold climate with short cool summers
and long cold snow-covered winters. Permafrost
(ground remaining frozen for two or more years)
is a characteristic of the High-Arctic tundra, and
areas are mostly treeless and covered with low-
lying vegetation. The ecosystems of the High-
Arctic tundra contain a diverse range of plants and
animals, many of which are endemic. Currently, the
Arctic tundra is exposed to rapid, dramatic changes
from climate change.

What is the Climate ecological Observatory for
Arctic Tundra in Svalbard (COAT Svalbard)?

The Climate Ecological Observatory for Arctic
Tundra (COAT) is a response to the urgent
international calls for establishment of scientifically
robust observation systems that will enable
long-term, real-time detection, documentation,
understanding and predictions of climate impacts
on Arctic tundra ecosystems.

Is a milder climate good for herbivores in the
Svalbard tundra?

A milder climate influences the herbivore species in
the Svalbard tundra in ways both good and bad. It
advances spring and extends the summer grazing
season. This can be positive because breeding
grounds for migratory geese are accessible earlier
and herbivore forage for non-migrating species
will be available for a longer time-period during
autumn. However, this can also cause phenological
mismatches between reproduction and important
food plants.

Understanding and analysing recurrent warm
events in Svalbard: a comprehensive review
on land cryosphere (AWARE)

What is the difference between heatwaves and
warm spells?

A heatwave can be described as a brief period of
unusually hot weather compared to the average
temperature of the location, and lasting for at least
two consecutive days. In contrast, a warm spell
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refers to a persistent period of unseasonably warm
weather (at least 5 days), typically occurring during
a cooler time of year such as autumn, winter, or
early spring.

What is a rain-on-snow event?

Rain-on-Snow (RoS) events occur when rain falls
onto an existing snowpack with 100% coverage (i.e.,
no snow-free areas). These events are associated
with winter extreme events like heatwaves and
warm spells.

How can RoS events be identified separately from
solid precipitation?

Precipitation is considered rain when the air
temperature is at or above 1°C. However, rain
can also occur with a lower probability when
atmospheric temperatures range between 0.5°C
and 1°C.

What happens when rain falls over a snowpack?

The most direct effect of a RoS event is the
significant modification of the snowpack structure.
This can lead to the formation of ice layers within
the snowpack and at the bottom, potentially
covering the ground with ice. Intense events may
partially melt the snowpack and activate the area’s
hydrological system, forming streams and ponds,
even beneath the snow surface, with potential
consequences for human activities (snowmobiling,
skiing, dog sledding) and wildlife.

Assessing anthropogenic and natural aerosol
sources in the Arctic: A baseline to detect
changes due to climate change (AAA-Source)

Why is it important to know the chemical
composition of the atmospheric aerosol in the
Arctic?

The chemical composition of atmospheric aerosol
allows us to identify and possibly quantify
its source. The more “tracer” compounds we
measure the easier it is to identify the sources.

Chemical analysis also allows us to determine the
concentration of toxic elements or compounds.
Finally, physical properties, such as the capability
to affect cloud properties, depend on the aerosol
chemical composition.

What are the sources of Arctic aerosol?

The main natural aerosol sources in the Arctic
are sea salt, the biosphere, Earth’'s crust, and
wildfires. The main anthropogenic source is
continental regions located at mid-latitudes. Local
anthropogenic sources (such as aerosol from ship
emission) contribute very low concentrations and
are seen only in specific situations.

Is the contribution of aerosol sources the same
across the Arctic?

Although more sites are needed to assess aerosol
spatial variability, the data collected in this chapter
reveal that both anthropogenic and natural sources
are not spatially constant. For instance, the impact
of long-range transported anthropogenic aerosols is
higher in the European Arctic than in the American
Arctic. Among the natural sources, biogenic aerosol
is more abundant at Svalbard, which receives
aerosol from the most biogenically active oceanic
areas (Greenland and Barents Sea).

How do Arctic sources vary over time?

The impact of different aerosol sources varies with
the season. In general, winter and spring seasons
are dominated by anthropogenic long-range
transported sources, whereas in summer and fall,
natural local sources dominate. In addition, there
have been and will continue to be long-term trends
that depend on both sustainable development
policies in mid-latitude countries and especially
global change. This is the main purpose of this
chapter: to study the present to be prepared for
future change.

At present, what is the air quality in the Arctic?
This data set collected from ten Arctic and pan-

Arctic sites show that the quality can be considered
very good at present. However, the Arctic is
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connected to mid-latitudes, particularly via the
atmosphere, and shows episodes of air pollution.
Arctic air quality is expected to worsen in the
future. Therefore, monitoring in several sites is very
important to assess the effects of environmental
sustainability policies.

Towards an integrated data-driven infra-
structure (InfraNor)

What is the InfraNor Project?

Based on new and upgraded research infrastructure,
SIOS-InfraNor is improving our understanding of
key Earth system mechanisms. This research is
crucial in the context of the pronounced warming
observed in the Arctic, particularly in Svalbard and
its surrounding seas.

What is COAT in InfraNor?

COAT - Climate-Ecological Observatory for
Arctic Tundra, is an integrated ecosystem-
based monitoring programme at the core of the
biosphere components of InfraNor’s terrestrial
research capabilities. COAT combines ecology and
physical sciences to enable real time detection,
documentation, and understanding of climate
impacts on arctic tundra ecosystems. The
infrastructure used within COAT's Svalbard branch
is supported and integrated in InfraNor.

SIOS’ contribution to the ICARP IV process
(SICAR)

What is the ICARP IV process?

The Fourth International Conference on Arctic
Research Planning (ICARP IV) is a multi-year planning
process that will take place from 2022 to 2026.
It brings together Arctic researchers, Indigenous
Peoples, policymakers, residents, and stakeholders
from around the globe to collaboratively discuss
the state of Arctic science and the region’s role in
global affairs and systems. After the final report is
published in 2026, the implementation of research
priorities will be initiated.

What is the 5th IPY?

The International Polar Year (IPY) 2032-2033 will
carry on the long-standing tradition of organising
regular IPYs in response to the current, unparalleled
demand for extensive, coordinated, large-scale
research on polar and global changes. It will expand
upon four groundbreaking IPYs from 1883 to 2008,
which when combined provide a 150-year history
of reliable scientific data about environmental
changes in polar areas. ICARP [V is one of the large-
scale processes feeding into IPY priorities.
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Would you like to be part of the SESS report?
SIOS frequently publishes calls for contributions to the

SESS report. Subscribe to our newsletter and follow us
on social media to stay updated.

www.sios-svalbard.org/Newsletter
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You can find this and previous SESS reports on our webpage:
https://sios-svalbard.org/SESSreport

Visit the SIOS data access portal to find metadata and datasets described in
this report: https:/sios-svalbard.org/metadata_search
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