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The influence of the lunar nodal cycle on Arctic climate
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The Arctic Ocean is a substantial energy sink for the northern hemisphere. Fluctuations in
its energy budget will have a major influence on the Arctic climate. The paper presents an
analysis of the time-series for the polar position, the extent of Arctic ice, sea level at Ham-
merfest, Kola section sea temperature, Rast winter air temperature, and the NAO winter in-
dex as a way to identify a source of dominant cycles. The investigation uses wavelet
transformation to identify the period and the phase in these Arctic time-series. System dy-
namics are identified by studying the phase relationship between the dominant cycles in all
time-series. A harmonic spectrum from the 18.6-year lunar nodal cycle in the Arctic time-
series has been identified. The cycles in this harmonic spectrum have a stationary period,
but not stationary amplitude and phase. A sub-harmonic cycle of about 74 years may intro-
duce a phase reversal of the 18.6-year cycle. The signal-to-noise ratio between the lunar
nodal spectrum and other sources changes from 1.6 to 3.2. A lunar nodal cycle in all
time-series indicates that there is a forced Arctic oscillating system controlled by the
pull of gravity from the moon, a system that influences long-term fluctuations in the extent
of Arctic ice. The phase relation between the identified cycles indicates a possible chain of
events from lunar nodal gravity cycles, to long-term tides, polar motions, Arctic ice extent,
the NAO winter index, weather, and climate.
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Introduction

The ancient Greek word for bear, “Arctos”, lends its name
to the constellation of the Great Bear. The Arctic takes its
name from this constellation, so linking the region with
the constellation that makes the sky near the North Pole.
Small fluctuations in this northern pole may explain the
Arctic climate oscillation.

The Arctic is the area north of the Arctic Circle
(66°32'N), which includes the area of the midnight sun.
The cold Arctic Ocean acts as an energy sink. The sun is
never high in the sky, and most of its energy is reflected
back to space by snow and ice in summer. Cooled water ac-
cumulates in circulating layers. The Arctic Ocean has four
layers: Arctic Surface Water; Atlantic Water; Deep Water;
and Bottom Water; all have different densities and circula-
tion patterns. Atlantic Water from the Norwegian Sea en-
ters the Eurasian Basin through the Fram Strait and
underneath the surface layer. At a level of about
200—900 m, it follows the continental slope east and north
until it meets the Transpolar Drift, then returns to the

Greenland Sea. The Atlantic Water residence time is about
25 years (Aagaard and Greisman, 1975; Wallace and
Moore, 1985). The circulating pattern in the Arctic Ocean
is most likely influenced by the circulating polar move-
ment. Deep Water down to 2600 m from the Norwegian
Sea is exchanged between the Greenland Sea and the Eur-
asian Basin (Nansen and Amundsen Basins). Deep Water
residence time in the Eurasian Basin is estimated to be
about 75 years (Bonisch and Schlosser, 1995). This 75-
year residence time is the same cycle period identified in
polar motion, and in the extent of ice in the Barents Sea
and Greenland. In the Amundsen Basin, Bottom Water
(depth >2600 m) residence time is estimated to be
290 + 30 years (Bonisch and Schlosser, 1995). A 290-
year residence time is a fourth sub-harmonic of the 75-
year cycle in the upper Deep Water.

Inflow to the Arctic Ocean passes from the North Atlan-
tic through the Barents Sea and the eastern Fram Strait,
with a minor inflow from the Bering Strait. Outflow is con-
centrated at the Canadian Archipelago and along East
Greenland. Large-scale circulation processes in the Arctic
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Ocean’s deep Canadian Basin, Markov Basin, and Eurasian
Basin all have a strong influence on southward water trans-
mission (Carmack et al., 1997; Gregor et al., 1998; Rudels
et al., 1998). Cold Arctic water from the Eurasian Basin
passes the western Fram Strait and moves into the Green-
land Sea. From the Greenland Sea, the cold water continues
south with the East Greenland Current and the Labrador
Current. East of Newfoundland, the cold current meets
the warm Atlantic drift from the south, and some water re-
turns to the northern Atlantic Ocean. Some Atlantic drift
flows into the Barents Sea, and some returns to the Eurasian
Basin through the Fram Strait (Anderson et al, 1994;
Bonisch and Schlosser, 1995).

Izhevskii (1961, 1964) introduced a system view of inter-
acting processes between the hydrosphere, the atmosphere,
and the biosphere. He argued that the heat in the ocean is
a non-homogenous flow from a warm equator to the cold
pole. This flow of heat in the ocean influences atmospheric
processes. Atmospheric processes are reflected in the North
Atlantic Oscillation (NAO), and the NAO influences weath-
er and climate in and around the Atlantic. A strongly pos-
itive NAO winter index will lead to stronger winds and
warmer air in winter. A positive trend since 1960 increased
winter temperature in the northeastern Atlantic and the
North Sea, a trend shift that has led to speculation about
more fundamental climate change.

The North Atlantic Oscillation may be caused by a more
fundamental oscillation system. Swedish oceanographer
Otto Pettersson (1848—1941) postulated that the orbit of
the moon and the earth have an influence on long-period
tides, climate cycles, and fluctuations of marine biomasses
(Pettersson, 1905, 1914, 1915, 1930). Long-period tides
have been identified in the Atlantic Ocean and in the
Barents Sea. Maksimov and Smirnov (1965) and Currie
(1981, 1984, 1987) analysed surface temperatures in the
North Atlantic, and estimated temperature cycles close to
the 18.6-year lunar nodal cycle. Loder and Garret (1978)
and Royer (1989, 1993) estimated an 18.6-year temperature
cycle on the east and west coast of North America. The
18.6-year nodal tide has a poleward velocity component
(Maksimov and Smirnov, 1967) and amplitude that is ap-
proximately 7% of the lunar diurnal component (Neuman
and Pierson, 1966) and which will influence the surface layer
ocean and air temperature at high latitude (Royer, 1993;
Keeling and Whorf, 1997). Maksimov and his co-workers
(Maksimov and Smirnov, 1964, 1967; Maksimov and
Sleptsov-Shevlevich, 1970) suggested the existence of
a long-period tide in the Barents Sea. Atlantic inflow to
the Barents Sea is reflected in the Kola section temperature
series (Bochkov, 1982). Harmonic lunar nodal cycles of
18.6/3 =06.2, 18.6, and 3 x 18.6 =55.8 years, have been
identified in this time-series (Yndestad, 1999, 2003).

There seems to be a chain of events linking the 18.6-year
lunar nodal cycle and cycles of the same period in the
Barents Sea. This paper presents a wavelet spectrum anal-
ysis of the time-series from polar position, Barents Sea

ice extent, sea level at Hammerfest, Kola section sea tem-
perature, Greenland Sea ice extent, Regst winter air temper-
ature, and the NAO winter index. Each time-series is
analysed by wavelet transformation to identify its dominant
cycle period and phase. The analysis identifies an 18.6-year
nodal spectrum in all spectra explained by oscillating cli-
mate disturbance caused by gravity oscillation from the
moon. The gravity force from the 18.6-year lunar nodal cy-
cle influences polar position and, very likely, the circulating
water in the Arctic Ocean. A stationary polar-position cycle
forces the Arctic Ocean, and introduces an Arctic oscilla-
tion that interacts with the Atlantic, Arctic ice extent, and
Arctic atmospheric conditions. The force from the lunar
nodal spectrum is transformed into a spectrum of oscillating
water circulation in which some harmonic cycles are pre-
served by resonance. A continuous supply of movement en-
ergy is distributed throughout circulating water in the
Atlantic Ocean. In this circulating process, the Arctic
Ocean and the lunar nodal tide have an influence on the
Atlantic Ocean inflow to the Barents Sea, as well as fluctu-
ations in water temperature, Arctic ice extent, air tempera-
ture, and the North Atlantic Oscillation.

Material and methods

The data series on polar position (x and y directions) is
based on official data from the International Earth Rotation
Service (IERS), and covers the years 1846—2002. The
time-series can be found at http://hpiers.obspm.fr/eoppc/
eop/eopc01/, and contains ten samples per year from
1846 to 1900, and 20 samples per year from 1900 to
2002, with the celestial pole offset represented in arc de-
grees. The time-series was used to analyse the 1.2-year
Chandler wave. The 6-, 18-, and 74-year cycles are all iden-
tified by the annual mean value of this time-series.

The area of the Greenland Sea ice extent referred to in
this paper covers the Greenland Sea, the Iceland Sea, and
the Norwegian Sea bounded by 30°W, 10°E, and 80°N
(Figure 1). The data are based on April values from 1864
to 1998 (Vinje, 2001). The area of the Barents Sea ice ex-
tent covers the Norwegian Sea, the Barents Sea, and the
Kara Sea bounded by 10°E, 80°N, and 70°E, respectively.
The data are based on April values from 1864 to 1998
(Vinje, 2001).

Russian scientists at PINRO in Murmansk have provided
monthly temperature values from the upper 200 m in the
Kola section along 33°30'E, from 70°30'N to 72°30'N
in the Barents Sea (Bochkov, 1982). The data series from
1900 to 2001 contains quarterly values from the period
1906—1920 and monthly values from 1921, some measured
and some interpolated. In this paper annual mean tempera-
tures are analysed.

The Reost air-temperature data series has been provided
by the Norwegian Meteorological Institute in Oslo. The
time-series has monthly values, and for the purpose of
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Figure 1. Study area with some ice-edge observations and ocean current patterns (after Vinje, 2001).
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this analysis, winter air temperature at Rest has been com-
puted as the mean winter temperature between December
and March. The total time-series covers Rest (67°35'N
12°E) from 1880 to 1969, Skomver (67°30'N 12°E)
from 1970 to 1978, and Rest from 1979 to 1997.

The North Atlantic Oscillation (NAO) is defined as the
normalized pressure difference between a station on the
Azores and one on Iceland. The NAO index analysis is
based on the official data from the Climate Research Unit
at the University of East Anglia, UK, covers the years
1822—2001, and can be found at http://www.cru.uea.a-
c.uk/cru/data/nao.htm. In this analysis, the NAO winter in-
dex is computed as the mean value from December to
March.

Systems theory

The climate system, S(¢), under investigation is represented
by the simplified general system architecture:

S([) = {B(t)7 {SSun([)7SMoon(t)7SEarth(l)ySOce(t)a
Sam(t),Sv()}}, (1)

where Ss.u(#) represents the sun system, Syioon(#) the moon
system, Sgam(?) the earth geo-system, Soce(f) the oceano-
graphic system, and Sam(#) the atmospheric system. S,(7)
represents an unknown source, and B(f) a time-variant mu-
tual binding between the systems. In a system in which all

subsystems are mutually related, a dominant energy source
will influence the others.

Gravity effects among sun, earth, and moon result in a set
of long orbital cycles that influence the tide, the polar posi-
tion, and the climate on the Earth (Imbrie and Imbrie, 1980;
Satterley, 1996). The lunar node is the cross-point between
the moon’s plane cycle and the ecliptic plane to the sun.
This cross-point describes a lunar nodal cycle of 18.6134
years. The corresponding cycle of the changing inclination
of the moon’s orbit with respect to the earth’s equatorial
plane, u(f), is described by the model

uo(t) =23°27' +5°09’ sin(wot + @), (2)

where wo = 27/Ty = 2w/18.6134 (rad yfl) is the lunar nodal
angle frequency, and time ¢ is years 1820—2002. The cycle
amplitude has a maximum in November 1987, and a mini-
mum in March 1996 (Pugh, 1996). Therefore, the lunar
nodal cycle phase is about ¢y =0.907. The gravity force
cycle from the moon introduces a horizontal and vertical
18.6-year lunar nodal tide in the Atlantic Ocean and the
18.6-year nutation of the earth’s axis. The lunar-nodal
tide has a harmonic and a sub-harmonic lunar-nodal spec-
trum that may be represented by the model

u(t) = a,(t)sin(nwot + ¢, (1)), 3)

n
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where a,(f) is the amplitude, and ¢,(¢) is the phase. Har-
monic cycles are related ton=1,2, 3,4, ..., N and sub-har-
monic cycles to n=1/2,1/3,..., M (Wood, 1986; Keeling
and Whorf, 1997).

The earth’s average orbital motion around the sun defines
the ecliptic. At the same time, the earth’s spin axis rotates
around the pole of the equatorial plane. The earth’s nutation
is a predictable cycle of the earth’s spin around its axis on
a time scale of <300 years. The four dominant periods of
nutation are cycles of 18.6134 years, 9.3 years, 182.6
days (half-year), and 13.7 days (half-month), but the most
dominant of the four is the nutation cycle of 18.6134 years.
The polar position changes in the x and y directions of the
pole of ecliptic. The pole position changes from about 0.1
to 0.3 arc degrees, a displacement of some 5—15 m. This
investigation examines the potential influence of the 18.6-
year lunar nodal cycle on time-series.

Time-series properties

The present analysis is based on the hypothesis that the sta-
tionary 18.6-year lunar nodal cycle introduces harmonic
and sub-harmonic cycles. Each stationary cycle in this lunar
nodal cycle spectrum (Equation (3)) may introduce a new
set of harmonic cycles. This property may be represented
by the model

x(t) = u(t) +v(r)

u(t) = Zak(t)sin(kwot + o, (1)), (4)

k

where x(7) is the measured time-series, u(¢) the sum of lunar
nodal cycles, v(¢) the disturbance from an unknown source,
and a,(f) represents the cycle amplitude. ¢.(¢) is the phase
angle, and the phase angle wy = 2m/Ty = 27/18.6 (rad y ).
A cycle number k may have a value k = n,/n; where n; and
n; represent cycle numbers in the lunar nodal spectrum
(Equation (3)).

The investigation shows that interaction between two
cycles may cause a phase reversal that changes the phase
angle ¢,(f) 7 (rad) in the analysed time-series. This phase
reversal property introduces a time-variant stochastic pro-
cess. The cause of this phase reversal property is unclear,
but it may be explained by an amplitude modulation be-
tween two cycles that have period 1/kTy and 1/T;. An am-
plitude modulation has the simple model

u(t) = K[1 + A sin(wot/k)]sin(wot). (5)

The modulated signal u(f) has a carrier u(f) = sin(wot) and
a sub-harmonic envelope u;(f) = A sin(wyt/k). The envelope
cycle will introduce a phase reversal on the carrier cycle
uo(f) when 4 > 1 (Carlson, 1968).

Cycle identification

Traditional methods of spectrum analysis cannot identify
cycle periods and cycle phase in time-variant stochastic
processes, so in this study, the time-series have been ana-
lysed by wavelet transformation to identify the dominant
cycle periods u;(f) and the time-variant phase angle @.(%).
The periodicity was identified by a three-step investigation.
The first step was to compute the wavelet spectrum by the
transformation

Won(t) = \/Lajx(t)llf (%) dr, ()

where x(7) is the time-series analysed, and W( ) is the wave-
let impulse function. W, 4(¢) is a set of wavelet cycles, b the
translation in time, and a the time-scaling parameter in
wavelet transformation. The relationship between the
wavelet scaling a and a sinus period 7 is about 7T~ 0.8a.
In this analysis, the translation » =0, so the computed
wavelet transformation W,(f) represents a moving correla-
tion between x(¢) and the impulse function W( ) over the
whole time-series x(f).

Coiflet wavelet function

Daubechies (1992) constructed a wavelet with 2N moments
equal to 0, and a scaling function with 2N — 1 moments
equal to 0. The Coiflet wavelet function has a symmetrical
impulse that keeps a linear phase in the wavelet transforma-
tion. Figure 2 shows the Coiflet 3 wavelet function in Mat-
lab (Matlab, 1997), the function on which this paper is
based and selected after many trials on test data.

Using this wavelet transformation, it is possible to iden-
tify single, long-period cycles in short time-series. Errors at
the beginning and at the end of a time-series are reduced in
the following manner. The time-series are scaled in ampli-
tude and to zero mean value by the scaling transformation

1 1 1
0 5 10 15

coif3

Figure 2. Coiflet 3 wavelet function.
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w(f) = [x(f) — mean(x(?))]/var(x(¢)), where x(7) is the time-
series, and y(f) the scaled time-series. Subsequently, the
time-series is expanded with symmetrical values at the be-
ginning and end of the time-series (the ‘sym’ parameter in
Matlab).

Time-series x(f) may be represented by summing the
dominant wavelets that contain most of the energy in
time-series x(¢). The time-series may then be represented by

xX(t) =Y W) +v(e) = W(0) + (1), )

where W(f) represents all the dominant-wavelet cycles, and
v(?) is disturbance from an unknown source. A wavelet cy-
cle represents a moving correlation between the time-series
and a wavelet impulse W( ) scaled by a. A single, domi-
nant-wavelet cycle W,.(¢) thus represents the best correla-
tion with scale a. The dominant-wavelet cycles W(f) have
dominant amplitude in the wavelet spectrum.

The cycle periods of single dominant-wavelet cycles are
identified by computing the autocorrelation for the wavelet
spectrum R, = E[W ()W ,(¢)]. Dominant, stationary wave-
let cycles have maximum values in the autocorrelation
functions. The cycle period phase is identified by the opti-
mum correlation between dominant wavelets and lunar
nodal cycles by R, = E[W (t)u,(t)], where the phase angle
@x(?) is a free variable. The correlation quality is computed
by the Pearson correlation coefficient

n—2
=Rpy [ —— ~ -2
O =Ry s t(n—2), (8)

where n is the number of samples. Q; is tested against a 7-
distribution by (n — 2) numbers of freedom to see whether
the correlation is statistically significant (Daly ef al., 1995;
Storch and Zwiers, 1999). The influence of the dominant
cycles is identified by the signal-to-noise ratio between
the identified dominant-wavelet cycles (Equation (7)) and
disturbance from an unknown source by

S/N = var(W(t)) /var(v(r)), 9)

where v(f) = (x(f) — W(f)) is the disturbance from an
unknown source.

Results
Polar position

The pole position changes in the y direction from about 0.1
to 0.3 arc degrees, which represents a displacement of about
5—15 m. The computed wavelet spectrum Wp,(;.50y(f) from
the polar position time-series shows some dominant cycles
in the wavelet spectrum (Figure 3). The identified dominant
cycles have periods of about 1.2, 6, 18, and 74 years (the
last three are shown in Figure 4). The identified dominant
cycles are close to the temporary stationary cycles:
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Figure 3. Wavelet spectrum Wp.30)(f) of the polar position time-series in the y direction.
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Figure 4. Polar position in the y direction time-series, 1846—2000, and estimated dominant-wavelet cycles of 74, 18, and 6 years.

upy4 (1) = apra(t)sin(wot /4 +1.297), when r = 1846...2000
Mp]g(f) = [lplg(t)sln(wot+0.90ﬂ), when ¢t = 1870...1960
ups (1) = ape(t)sin(3wot — 1.097),  when ¢ = 1846...2000

si
up12(t) = ap1 2(¢)sin(3 x Swot — 1.097),
whent=1991...1997.

(10)

These cycles represent a lunar nodal spectrum. The cross-
correlation coefficients between the dominant wavelets and
the stationary cycles are Rpy4=0.86, Rp;g=0.70, and
Rps = 0.44 when t= 1846 ... 2000 (year). The correlation
values of quality are computed as QOp74 =20.5, Opjz=
5.2, and QOpg=6.0. The degrees of freedom (n—2) are
153, 78, and 153. This gives a better than 95% confidence
in a t-distribution, or #78) > 0.95. The cross-correlation
coefficient between the polar position and the dominant
wavelets is estimated to be R, ,, = 0.85. The signal-to-noise
ratio is estimated to be S/Np =2.6. This close correlation
indicates that the gravity force from the lunar nodal cycle
has a major influence on polar movement.

The cycle phase relation between the 18.6-year lunar
nodal cycle is ¢p15(f) — @p1s(f) = (0.907 — 0.907) = 0.07
(rad) in the period r=1870...about 1960. From about
1950 to 1960, the 18-year cycle starts a 7 (rad) phase rever-
sal (Figure 5). A phase difference of about 0.07 (rad) dem-
onstrates that the 18-year polar-movement cycle Wpig(?) is
correlated in both frequency and phase to the 18.6-year
lunar nodal cycle. The cycle has a phase reversal of
(rad) when the 74-year cycle has a minimum at about
1870 and 1950 (Figures 3 and 5). The phase reversal shows

that the phase is controlled by the 74-year cycle. The close
relationship harmonics of the lunar nodal spectrum identify
the lunar nodal cycle as the energy source that influences
the 18.6-year cycle of polar movement. The polar y-posi-
tion state has increased step-by-step in the period from
1846 to 2000. This indicates there may be longer sub-har-
monic cycles in the polar position. A wavelet analysis of
polar position in the x direction has a stationary cycle of
about 6.2—6.5 years. A dominant long-term cycle has max-
ima at about 1890, 1930, 1950, and 1980, and minima at
about 1910, 1935, and 1960. This indicates a link to the
74-year cycle in the y direction.

A wavelet analysis of the polar position in the y and x di-
rections shows a stationary cycle of about 6.2—6.5 years
connected to the 1.2-year Chandler Wave. In this time-
series, there is no 18-year cycle. A longer-period dominant
cycle has maxima at about 1890, 1925, 1950, and 1990, and
minima at about 1910, 1935, and 1965. This indicates that
this cycle is related to turning points of the 74-year cycle in
the y direction.

The 1.2-year wavelet cycle Wp),(?) is a fifth harmonic
cycle of the 6.2-year cycle. The correlation to up;,(f) is
Rp12=0.96 when #=1991.50,1991.55...1997.50 ().
This indicates that the 1.2-year Chandler Wave cycle may
be a forced harmonic cycle in the lunar nodal spectrum.
The cycle difference between the estimated wavelet cycle
Wp1,(f) and the stationary cycle up;»(f) shows a small
phase delay when the 6.2-year cycle is shifted between neg-
ative and positive values. This delay may have been caused
by a force delay or a synchronization of resonance between
the 1.2-year and 6.2-year cycles.
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Figure 6. Wavelet spectrum Wp(;.30)(f) of the Barents Sea ice-extent time-series.
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Figure 7. Time-series of Barents Sea ice extent, and dominant wavelets of 6, 18, and 74 years during the period 1864—1998.

Wg74(f) shows a trend shift in the years 1890, 1930, and
1965, minima in 1910 and 1980, and a maximum in 1945.
The cross-correlation coefficients between the dominant-
wavelet cycles and the lunar nodal cycles are Rg74 =0.73
and Rp g = 0.74. The correlation values of quality are com-
puted to be Op74 = 12.2 and Qg5 = 8.0, with 133 degrees
of freedom and #(133) > 0.95.

The 18-year cycle has a phase reversal in periods when
the 74-year cycle Wpgy4(f) has a maximum, a minimum,
and a zero value. The 74-year cycle introduces a phase re-
versal in the 18- and 6-year cycles. The phase angle
op18(f) = 1.507 (rad) in the period # = 1895 ... 1930 when
Wg74(f) has a negative period, and ¢g;g(f) = 0.507 (rad)
in the period #=1930... 1998 when Wg74(¢) has shifted
to a positive period. The variable ¢y ;g(f) is reversed m
(rad) in the time periods #=1895...1930. The 6-year
cycle has a phase reversal when the 74-year cycle reaches
a minimum or a maximum, i.e. about 1870, 1815, 1945,
and 1980. The 6-year cycle phase ¢pe(f) = —0.097 (rad)
in the period = 1980 ... 1998 when the cross-correlation
of Rge=0.64, the estimated quality value of QOges=3.5
and 17 degrees of freedom. The signal-to-noise ratio is
estimated to be S/Ng=2.0. The cycle phase differences
between the polar position and Barents Sea ice extent
are:

Op74(t) — 074 () = (1.297 — 0.257) = 1.047 (rad),
when ¢ =1884...1998

Op1s(t) — @15 (1) = (0.907 — 0.507) = 0.407 (rad), (12)
when = 1930...1998

@pe(t) — @pe(t) = (= 1.09 — 0.097) = 1.07 (rad),
when = 1980...1998.

The dominant 74-year cycle has a phase delay of about 7
(rad) compared with the same polar-position cycle. The 18-
year ice-extent cycle is more closely related to the 18-year
Kola cycle. As a result, the polar position is expected to be
the source of the long-term 74-year oscillation in ice extent.
At the same time, the 6-year and the 18-year lunar nodal
tides are expected to be the source of the 6-year and the
18-year oscillations.

Kola section temperature

The Kola section time-series is an indicator of Atlantic in-
flow into the Barents Sea. The computed set of wavelets
Wx:s0)(t) for the Kola temperature data series has domi-
nant wavelets (Figure 8) at Wye(?), Wkis(f), Wkss(f), and
Wx74(t). Figure 9 shows the time-series for the period
t=1900...2000 and the identified dominant-wavelet
cycles of 6, 18, 55, and 74 years. A temporary stationary
representation of the dominant cycles is:

MK74(I‘) =dax74 l)Sil’l((x)g[/4 + 02971')7 when ¢ =1900...2000
ugss (1) = agss(1)sin(wot /3 +0.907), when 7= 1900...2000
ux (1) = agys (f)sin(wot +0.557),  when ¢ =1930...2000
ugo (1) = age(1)sin(3wot + @y(f)),  whenr=1900...2000.

(13)

The 74-year cycle has a trend shift in 1925 and 1960, min-
ima in 1905 and 1980, and a maximum in 1945. The cross-
correlation coefficients for the long periods are Rx74 = 0.95
and Ryss = 0.89, and the value of quality is estimated to be
QOxss = 30.1. There are n — 2 = 98 degrees of freedom and
#(98) > 0.95.
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Figure 8. Wavelet spectrum of the Kola section temperature time-series.

The 74-year cycle introduces a phase reversal on the 18-
year cycle. The phase angle is ¢y 5(f) = 0.557 (rad) in the
period = 1930 ... 2000, and ¢k;s(f) = 1.557 (rad) in the
period t= 1900 ... 1930. There was a phase reversal when
the 74-year cycle shifted from a negative to a positive state.
The cross-correlation coefficient and the quality are
Rii13 =0.90 and Ok, 5 = 18.3, respectively, when the phase

of @kig(f) is shifted in this period. The 6-year cycle
has a cross-correlation coefficient of Rgg=0.4 when
oxe(t) =—0.097 (rad) in the period #=1930...1970,
when the 74-year cycle is in a positive state. The phase an-
gle has a phase reversal of ¢gg(f) = —1.097 (rad) in the pe-
riod t=1970...2000 when the 74-year cycle is in
a negative state. In that period, the cross-correlation
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Figure 9. Kola section temperature time-series, and estimated dominant wavelets of about 6, 18, 55, and 74 years.
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coefficient is estimated to be Ry =0.37 and Qke=3.9.
The signal-to-noise ratio between the wavelet sum
Wi o(t) =[0.4Wie(t) + 0.4 Wy 15(f) + 0.1 Wiss(f)] and  the
unknown source w(f) = (xg(f) — Wk,(?)) is estimated to be
S/Nx = 3.2. This confirms that the estimated nodal spec-
trum represents most of the fluctuations in the time-series.

The phase delay between the polar-position cycles and
the estimated 18.6-year Kola temperature cycles are:

@p74(t) — P4 (1) = (12971 — 0.297) = 1.007 (rad)
Op13(t) — P74 (t) = (0907 — 0.557) = 0.357 (rad) ~ (14)
Ope(t) — () = (—1.097 — 0.097) = 1.07 (rad).

The 6-year and the 18-year cycles have a delay of about 1
year between the cycle of ice extent and the Kola section
temperature. This confirms that there is less ice when there
is more Atlantic inflow. The phase difference between the
estimated 74-year ice-extent cycle and the Kola cycle is es-
timated to be about —0.047 (rad). The 74-year Kola cycle
and the 74-year cycle of ice extent have the same phase.
This surprising estimate suggests that the two cycles are
controlled by different sources.

Mean sea level at Hammerfest

Figure 10 shows the computed wavelet spectrum Wiy1.30)(%),
and Figure 11 the time-series of the annual mean sea
level at Hammerfest in the period = 1957 ...2002; the
identified dominant-wavelet cycles are 6 and 18 years.
A temporary stationary representation of the dominant
cycles is:

M].ng(f) = (l].[]g(f)sin(wot + 05571'), when ¢ = 1957...2002
MH(,(f) = aH(,(t)sin(3w0t — 00971’), when ¢ = 1980...1992.

(15)

The cross-correlation coefficient and the correlation qual-
ity are estimated to be Ry 3 =0.73 and Qy;3 = 6.9, respec-
tively, with #41) > 0.95. The 6-year cycle has a phase
angle @pg(f) = —0.097 in the period r=1980... 1982,
and ¢@pe(t) =—1.097 in the period r=1980...1992.
From 1957 to 1977, there was a phase reversal of 7 (rad)
when the 18-year cycle had a minimum. The cross-correla-
tion coefficient and the correlation quality in the total peri-
od are estimated for the 6-year cycle as Rys=0.37 and
One = 2.5, respectively, with 41 degrees of freedom. The
low correlation is related to the phase reversal in the 6-
year cycle. In this period, the cross-correlation coefficient
is estimated to be Rys=0.61, QOpg=064, and
#(41) > 0.95. The signal-to-noise ratio between the wavelets
Waa(t) = [Wae(t) + 0.9Wy15(f)], and the  difference
(xpa(f) — Wia(t)) is estimated to be S/Ny=1.6. The
small S/N ratio is caused by the phase reversal of the 6-
year cycle.

The phase delays between the polar-position cycles and
the estimated sea-level cycles at Hammerfest are:

@p1s(t) — @mis(t) = (0.907 — 0.557) = 0.357 (16)
@Op15(t) — ouis (1) = (=1.097 — 1.097) = 0.0r.

The phase relation between the 18-year cycles in the Ham-
merfest sea level and the Kola section sea temperature is

Hammerfest mean sea level

w(t)

-3

-4

censsslaisscssslesssnssdecsaasnslensnss

T T

1955 1960 1965 1970 1975

1980 1985 1990 1995 2000 2005

Figure 10. Wavelet spectrum from the Hammerfest annual mean sea-level time-series.
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Figure 11. Hammerfest annual mean sea-level time-series, and dominant wavelets of about 6 and 18 years.

Ouat) — px18(t) = (0.557 — 0.557) = 0.0r. The closeness
of this relationship shows that the long-term temperature
fluctuation in the Kola section is influenced by the 18.6-
year lunar nodal tide.

Greenland Sea ice extent

Greenland Sea ice covers an area between western Green-
land and Svalbard, and serves as a climate indicator of out-
flow from the Arctic Ocean to the Greenland Sea. The
computed set of wavelets Wq(i:30)(f) of Greenland Sea ice
extent has dominant cycles at about wavelet cycles
Wae(t), Waaa(t), and Wgq4(2), representing cycle periods
of 6, 24, and 74 years, respectively. The computed wavelet
spectrum is shown in Figure 12, and the full Greenland Sea
ice-extent data series and dominant-wavelet cycles in
Figure 13. The temporary stationary representation of the
dominant cycles is:

Mg74(f) :ag74(t)sin(w0t/4+ 1787’()7 when t=1864...1900
s (1) = agaa (1)sin(3wot /4+1.707), when r=1910...1980
ugs (t) =ags (¢)sin(9wpt/4+0.38w), whenr=1950...1990.

(17)

All estimated cycles are related to the 4 x 18.6 =74.4
year sub-harmonic lunar nodal cycle. A cycle period of
18.6 x 4 =74.4 years is the fourth sub-harmonic cycle of
the 18.6-year lunar nodal cycle, and 74.4/3 =24.8 years
is a third harmonic cycle of the 74-year cycle. The cycle pe-
riod of 24.8/3 = 8.5 years is a third sub-harmonic cycle of
the 24-year cycle. The dominant 74-year wavelet cycle

has a trend shift in the years 1870, 1910, 1945, and 1975,
minima in 1930 and 1990, maxima in 1890 and 1960,
a cross-correlation coefficient of Rg74 = 0.50, a correlation
value Og74 = 5.89, and #(133) > 0.95. The 74-year cycle in-
troduces a phase reversal in the 24- and 8-year cycles in the
time-series. The estimated 24-year cycle Wgo4(f) has
a cross-correlation coefficient Rgo4 = 0.77 with respect to
the stationary cycle ugy4 in the 74-year cycle period
t=1910...1980. The phase is @g4(f) =0.707 (rad) in
the period #=1864 ... 1910, and ¢g4(f) = 1.707 (rad) in
the period r=1910... 1980. In this estimate, the correla-
tion-quality value is Ogp4 = 14.1 and #65) > 0.95. The es-
timated 8-year cycle Wgg(f) shows a phase shift in 1910,
1950, and 1980 when the 74-year cycle shifted between
a positive and a negative state. In the period
t=1950... 1990, the phase angle is about ¢gg(f) = 0.387
(rad). In this period, the cross-correlation coefficient is
Rgg=0.54, and the quality value is estimated to be
Ogs = 4.01, with 40 degrees of freedom. The signal-to-noise
ratio between the wavelet sum Wg,(f) =[100Wgs(?) +
60WGo4() + 60W574(f)] and the unknown source
vg(t) = (xg(t) — Wga(?)) is calculated to be S/Ng=3.2.
This confirms that the estimated nodal spectrum from the
74-year cycle represents most of the fluctuations in the
time-series.

The phase delay between the estimated 74-year polar-
position cycle and the Greenland ice extent is @p74(f) —
@G74(t) = (1297 — 1.787) = 0.497 (rad). This estimate
shows a delay of about 18.5 years between the 74-year cycle
in the Polar position and the 74-year cycle outflow of cold
Arctic water from the Arctic Ocean to the Greenland Sea.
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Figure 12. Wavelet spectrum from the Greenland Sea ice-extent time-series.

Rest winter temperature

Rost is a small island in the Norwegian Sea just off the Nor-
wegian coast. The winter air temperature there is influenced
by polar, Arctic winds from Greenland, via the surface of
the North Atlantic, blowing towards the coast of northern
Norway. The annual mean winter temperature at Rest is
an indicator of cold winds from north and west.

1400

The computed set of wavelets Wri.50)(f) (Figure 14)
from the Rest annual mean winter temperature has domi-
nant wavelets at about the wavelet cycles Wgrg(?), Wro4(2),
and Wyr74(f), which represent cycles of 8, 24, and 74 years,
respectively. Figure 15 shows the temperature time-series
and the estimated dominant wavelets. The winter air tem-
perature at Rost is scaled by +4 to separate the data series
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Figure 13. Greenland Sea ice-extent time-series, and identified wavelet cycles of about 6, 24, and 74 years.
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Figure 14. Wavelet spectrum from the Rost air temperature time-series.

from the estimated wavelets. The stationary representation
of the dominant cycles is:

Ur74(t) =ar4(1)sin(wot /4+0.517), when r=1880...1997
MR24(t):aR
ups (1) =arg (#)sin(9wpt/4—0.3827), whent=1880...1930.

The 74-year cycle has a trend shift at about 1910 and
1950, minima in 1900 and 1965, a maximum at about
1938, a cross-correlation coefficient of Rr74 =0.92, and
a correlation value of QOr74 =24, with #(116)> 0.95.
This 74-year cycle controls a phase reversal in the

24()sin(3wot/4—0.701m), when t=1880...1910  24- and 8-year cycles. The cross-correlation coefficient is

Rgro4=0.88, with a quality value of Qry4=11.8 in the

(18) period ¢t=1880...1910 when the 74-year cycle had
° ! : : ! !
oot A e e
RN AT L | . | :
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Figure 15. Rest annual mean winter air temperature time-series (+4), and the dominant wavelets of 8, 24, and 74 years.

¥T0Z ‘“TT Yo N uo 159nb Ag /B10'sjeulnolpio)xo-swifsaoi//:dny wodj pepeojumoq


http://icesjms.oxfordjournals.org/
http://icesjms.oxfordjournals.org/

414 H. Yndestad

a positive state. In that period, #35) > 0.95. The cycle has
a m (rad) phase reversal to @ro4(f) = —1.707 (rad) when
the 74-year cycle had a negative state in the
period = 1910 ... 1950. The 8-year cycle has a phase of
@rg(f) = —0.3827 (rad) in the period 7= 1880 ...1930.
For that period, the cross-correlation coefficient is Rgg = 0.37,
and the correlation-quality value is Qrg=3.3, with
#(68) > 0.95. The cycle phase was delayed by about 7/2 (rad)
when the 74-year period had a maximum in 1950. The phase
delay was  (rad) when the 74-year cycle was at its minimum
in 1970. The signal-to-noise ratio between the dominant-
wavelet sum Wr,(f) = [Wrs(f) + 0.5Wroa(?) + 0.2Wr74(f)] and
the unknown source vg(f) = (xr(f) — Wra(?)) is calculated to
be S/Ng = 1.8. This confirms that the estimated nodal spectrum
from the 74-year cycle represents most of the fluctuations in the
time-series.

The phase delay in the dominant Rest winter air temper-
ature is estimated by:

@p7a(t) — Prya () = (1.297 — 0.517) = 0.787 (rad) 19
Gems(?) — Pros(1) = (1707 — 0.70m) = 1.0m (rad). (1)

The 24-year cycle has a phase delay of 1.07 (rad), and
this is indicative of a close relationship between the in-
crease of ice extent in the Greenland Sea and colder winter
temperature at Rost. The winter temperature time-series at
Rost has the same dominant cycles as estimated for the
Greenland Sea ice-extent time-series. The phase delay be-
tween the 74-year NAO and Rest temperature cycles is
(1.017m — 0.517) = 0.57 (rad). This means that the 74-year

cycle at Rest moves from its maximum when the NAO
74-year cycle is headed in a negative direction.

The NAO winter index

The NAO winter index time-series has the same dominant
cycles in the wavelet spectrum Wyy:30)(f) (Figure 16).
Figure 17 shows the time-series for the NAO winter index
and the estimated dominant-wavelet cycles of 6, 18, and 74
years. The NAO winter index data series in Figure 17 is
scaled by +4 to separate the original data from the comput-
ed wavelets. The stationary representation of the dominant
cycles is:

MN74(f) :aN74(t)sin(w0t/4+ 10171')7 when t=1880...1997
MN74(I) :aN74(t)sin((uot+0.487r), when t=1950...2000
I/{N74(I) :aN74(t)sin(3w0t— 02971')7 when r=1822...2000.

(20)

The 74-year cycle has trend shifts in 1825, 1860, 1895,
1935, and 1970, minima in 1880 and 1955, maxima in
1845, 1918, and 1995, a cross-correlation coefficient of
Rn74=0.90, and a correlation quality of On74 = 2.4 when
t(177) > 0.95.

The 18-year NAO index cycle is at a maximum in the
same years as the 18-year cycle of Barents Sea ice extent
is at its minimum. This confirms that there is a warmer win-
ter when there is a reduction in Arctic ice cover. The 18-
year cycle has a w (rad) phase reversal at about 1840,
1890, and 1950. Then, the phase reversal is related to turn-
ing points from the 74-year cycle. The 18-year phase angle
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Figure 16. Wavelet spectrum from the NAO winter index time-series.
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Figure 17. Time-series of the NAO winter index (+4), and the dominant-wavelet cycles of 6, 18, and 74 years.

is ¢ni18(f) =0.487 (rad) in the period 7= 1845 ... 1890,
on1s(f) = 1.487 (rad) in the period t=1890 ... 1950, and
on18(f) = 0.487 (rad) in the period = 1950 ...2000. The
cross-correlation coefficient for the stationary cycle period
un1s(f) is Rnig = 0.58 in the total period = 1822 ...2000
when the phase ¢ 5(?) is shifted. In this estimate, the cor-
relation quality Ons =9.6, and there are 177 degrees of
freedom. The cross-correlation coefficient is Rye=0.2
when the phase angle is gng(6) = —0.297 (rad) in the peri-
od r=1822...2000. This estimate has a correlation quality
of One = 2.4, and 1(177) > 0.95. The small correlation is re-
lated to the phase control from the 74-year cycle.

The signal-to-noise ratio between the dominant wavelets
WNu(t) = [WNg(t) +0.5 WN24(t) +0.5 WN74(t)] and the un-
known source vn(7) = (xn(f) — Waa(?)) is calculated as S/
Nx =3.0. This confirms that the estimated nodal spectrum
represents most of the fluctuations in the time-series. The
phase relation with respect to polar-movement cycles is:

@p74(t) — onaa(t) = (1.2971 — 1.017) = 0.287 (rad) 21
@p1s(t) — onis(t) = (0.907 — 0.487) = 0.427 (rad). (21)

The mean phase delay between the 74-year cycle of the
Barents Sea ice extent and Greenland Sea ice extent
is (@p74(t) + @G74(1))/2 = (0.257 + 1.787)/2 = 1.01ar. The
phase angle of the 74-year gn74(f) = 1.01#. This estimate
shows that the 74-year cycle in the NAO winter index fol-
lows the mean long-term fluctuations of Arctic ice extent.
The phase difference between the 18-year cycle in the
Barents Sea ice extent and the NAO winter index
is (pkis(f) — on1s()) = (0.50 — 0.487) = 0.027, or less

than a year. This means that the NAO winter index is influ-
enced by the extent of Barents Sea ice.

In 1865, the mean Barents Sea ice covered some
1250000 km?, and the fluctuations were about
500000 km>2. In 1997, the mean coverage decreased to
about 750000 km?, but the fluctuations were still about
500000 km®. The mean area of fluctuation therefore in-
creased from about 40% to 67% of total ice extent. In
the same period, the fluctuation in the NAO winter index
increased from about 2 to 2.5, an increase in the fluctu-
ation of about 25%. Therefore, relatively greater fluctua-
tion in the extent of Arctic ice introduces relatively
greater disturbance in the NAO winter index. The
same ratio may be a possible explanation of the in-
creased amplitude fluctuation in the NAO winter index
during the past 50 years, meaning that if Arctic ice cov-
erage continues to fall, the amplitude of the NAO index
will increase, resulting in an increase in extreme climate
fluctuations.

Arctic climate cycles

Table 1 shows the lunar nodal spectrum as identified in all
analysed Arctic climate indicators. In the table, the angle
frequency is wo = 27/Ty = 27/18.6134 (rad y '). This indi-
cates that there is a stationary Arctic oscillating system con-
trolled by the deterministic 18.6-year lunar nodal cycle.
The time-series of the polar position, Barents Sea ice ex-
tent, Kola section temperature, Hammerfest sea level, and
the NAO winter index all have a dominant harmonic spec-
trum that is derived from a 7, = 18.6-year cycle. The
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Table 1. The Arctic climate cycles identified.

Nodal spectrum wy Cycle phase ¢

Phase delay to polar Ag Nodal cycle Signal-to-noise

Climate indicator (rady ") (rad) (rad) correlation R ratio S/N

Lunar nodal cycle o 0.90m 0.00m

Polar position wo/4 1.297 0.86 2.6
wo 1.00/0.007 0.7
3wo —1.097 0.44
15w, —1.097 0.96

Arctic Ocean wol4
3we/4
Iwo/4

Barents Sea ice extent wol4 0.257 1.047 0.73 2
o 1.50/0.507 0.50m 0.74
3wy —1.09/—-0.097 1.007 0.64

Kola section temperature wol4 0.297 1.007 0.95 3.2
wo/3 0.90m 0.89
wo 1.55/0.557 0.457 0.9
3wy —1.09/0.097 0.00m 0.37

Hammerfest sea level wo 0.557 0.457 0.73 1.6
3wy —1.097/—-0.097 1.0 0.37

Greenland Sea ice extent wol4 1.787 —0.497 0.5 32
3wy/4 0.70/1.70m 0.77
Ywe/4 1.38/0.387 0.54

Reost winter temperature wo/4 0.51w 0.78m 0.92 1.8
3wo/4 —1.70/-0.70m 0.88
Ywy/4 —1.38/—-0.387 0.37

NAO winter index wol4 1.017w 0.287 0.9 3
wo 1.48/0.48m —0.48m 0.48
3wo —1.29/-0.297 0.27 0.2

Greenland Sea ice coverage and the Rost winter air temper-
atures have a harmonic spectrum from the sub-harmonic cy-
cle of 4Ty =4 x 18.6 = 74.4 years. The identified cycles are
clearly well correlate with the nodal reference cycles, and
there is a good signal-to-noise ratio between the identified
cycles and influences from other sources (Table 1). The esti-
mates show that the cycles from the lunar nodal spectrum
have a major influence on the dominant fluctuations in the
time-series.

Discussion
The lunar nodal tide

The 18-year cycle of sea level identified at Hammerfest has
a phase delay of about ¢y;3(f) = 0.557 (rad), a value con-
firmed by wavelet analysis of a number of sea-level time-se-
ries from along the Norwegian coast (unpublished data).
Maksimov and Smirnov (1965, 1967) estimated a maximum
lunar nodal tide at about 1950 in the Atlantic Ocean and
along the Kola section. This represents a phase delay of
om1s(f) = 0.457 (rad), a phase distance of less than a year.
However, an investigation of the temporal linkages between
the Faroes—Shetland time-series and the Kola section time-
series reveals a delay of about 3 years between the lunar

nodal spectrum in the Faroes—Shetland time-series and the
Kola temperature section time-series (Yndestad et al.,
2004).

Keeling and Whorf (1997) estimated strong 18-year tidal
waves in 1974 and 1987 from lunar-cycle events. From those
estimates, a group of 9- and 6-year tidal events were calculated,
with maxima in 1965, 1974, and 1983. The same maxima and
periods are identified in the Hammerfest sea-level time-
series. This means that the long-term tidal cycle has a lunar
nodal spectrum. The group event between a 9- and a 6-year
cycle has been identified as a phase reversal of the 6-year
cycle in this wavelet cycle analysis.

Polar position

Wavelet analysis of the polar position time-series in the y
direction has identified lunar nodal cycles of about
4 x 18.6 =74.4, 18.6, 18.6/3 =6.2, and 6.2/5=1.2 years.
The 18-year cycle has the same cycle as the earth’s nuta-
tion. The earth’s nutation is a 9-arc degree “wobble” of
the axis of the spinning earth in a period of 18.6 years
(Pugh, 1996). It is caused by gravity interaction between
the earth, the sun, and the moon. The 18-year cycle has
the same phase as the lunar nodal cycle, indicating that the
18-year polar movement is caused by a gravity force from
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the moon and the earth’s nutation. The phase reversal in
1960 shows that the 18-year cycle is influenced by the
more powerful 74-year sub-harmonic cycle.

The position of the pole was stepwise displaced in the y
direction in 1890 and 1960. The step came in about the
same year that the 74-year Barents Sea ice cycle shifted
towards a negative value, and the 74-year Greenland Sea
ice coverage moved from a maximum to a negative direc-
tion. Such a connection leads to a hypothesis that long-
term, stepwise displacement in the y direction can lead to
greater inflow of Atlantic Water to the Arctic and long-
term reduction in the coverage of Arctic ice.

Chandler (1886) demonstrated that the polar position has
a wobble with a period of about 1.2 years or 435 days. The
present analysis indicates that this cycle may be a forced os-
cillator controlled by the 6.2-year polar-movement cycle.
The estimated 1.2-year polar-position cycle has a cross-cor-
relation coefficient of Rp; » = 0.96 to the harmonic cycle of
18.6/3 x 5 =6.2/5 = 1.2 years, or 443 days. The 1.2-year cy-
cle has a phase delay after six periods, and this introduces
a mean Chandler wave period of about 6.2—6.5 years. The
cause of the Chandler wobble is unclear. The stationary prop-
erty of the cycle and the close relationship to a 6.2-year cycle
indicate that it is a forced harmonic cycle controlled by the
force of gravity from the 18.6-year lunar nodal cycle.

Arctic Ocean oscillation

Wavelet analysis of the polar position has identified a har-
monic lunar nodal cycle in the y direction of about
4 x 18.6 = 74.4 years. This residence time represents a third
harmonic cycle of the 74-year cycle, or 74.4/3 = 24.5 years.
The same cycle is estimated in the time-series of the
Barents Sea ice cover, the Greenland Sea ice cover, and
the winter temperature at Rest. The close relationship
among these cycles may be explained by the circulating po-
lar position that controls the residence time of circulating
water in the Arctic Ocean. The circulating layers in the Arc-
tic have residence times that are reflected in the time-series
of Greenland Sea ice cover and can be explained by
a “wine-glass” theory. This is based on the idea that the ro-
tating Arctic Ocean behaves like liquid in a rotating wine
glass. Accordingly, the Deep-Water oscillation has a reso-
nance of about 74 years, a resonance related to water vol-
ume and density. A forced polar-position cycle of about
74.4 years would then control a 74-year cycle of Deep-
Water circulation in the Arctic. Energy from such a forced
74-year Deep-Water oscillation would be distributed as a
harmonic spectrum, in which there is a new 4 x 74.4 ~ 290-
year resonance in the Bottom Water where the water has
the most density, with a 74.4/3 ~ 25-year resonance in the
Atlantic, where the water is less dense.

The mean area of Barents Sea ice cover decreased by
about 30% over the time-series. At the same time, the polar
position in the y direction increased from about 0.08 to 0.35
arc degrees. This long-term motion in the pole indicates

a long-term reduction in the Barents Sea ice cover that
may be caused by a polar movement of longer period.
Long-term displacement of the pole in a y direction may in-
fluence Arctic inflow and temperature, and the extent of
Arctic Ocean ice cover.

The Barents Sea oscillation

It is generally believed that inflow of Atlantic Water to the
Barents Sea is driven by atmospheric conditions (Loeng
et al., 1997). The lunar nodal spectrum in the polar position
and the extent of Barents Sea ice cover indicate that there is
a more fundamental reason for long-term Atlantic inflow.
This study has shown that the lunar nodal spectrum is close-
ly related to the annual mean sea level at Hammerfest, the
Kola section temperature, and the extent of Barents Sea ice
cover. Hence, the long-term inflow of Atlantic Water is
controlled by long-term tides. At the same time, a close re-
lationship has been identified between the 18-year fluctua-
tions in the NAO winter index and the Barents Sea ice
cover. This explains the close link between Barents Sea
temperature and atmospheric conditions.

The 74-year Kola temperature cycle and the 74-year
cycle of Barents Sea ice cover share the same cycle period
and phase. This is surprising but shows that the two 74-year
cycles are controlled by different sources. A potential
source of the 74-year Kola temperature cycle is the Green-
land Sea. There is mutual interaction of Deep Water
between the Eurasian Basin, the Greenland Sea, and the
Norwegian Sea. The North Atlantic’s Norwegian Basin
receives about a flux of some 0.95 Sv from the Greenland
Sea and a flux of some 0.37 Sv from the Eurasian Basin,
with the Deep-Water residence time estimated to be 31
years (Bonisch and Schlosser, 1995), or about 74.5/2 years.
The Arctic flow has a phase delay of #/2 (rad) (18.6 years)
from the polar movement to the Greenland Sea. A phase
delay of n/2 (rad) (18.6 years) from the Greenland Sea to
the Kola temperature section may have a total phase delay
of 7 (rad) between the extent of Barents Sea ice cover and
Kola section temperatures.

Greenland Sea oscillation

The extent of Greenland Sea ice cover has dominant cycles
of 74 and 24 years, the same cycle periods as the residence
time for Deep Water and Atlantic Water in the Arctic
Ocean. The close relationship confirms that the Greenland
Sea ice cover is governed by Arctic outflow. The reported
salinity plume (Dickson et al., 1988, 2000) in the Atlantic
circulation had a trend shift in 1960, the same year that
the 74-year cycle peaked and the 24-year cycle shifted
trend.

The winter temperature at Rest is influenced by cold
winds from the east, a fact reflected in the estimated air
temperature at Rost. The Rest winter air temperature
time-series has dominant cycles of 74 and 24 years, both
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closely correlated with the 74- and 24-year cycles of the
Greenland Sea ice cover.

NAO winter index oscillation

The NAO winter index is an important climate indicator,
and this investigation has demonstrated that its dominant
cycles are linked to the extent of Arctic ice cover. The in-
fluence may be explained by the fact that ice behaves as an
isolator in winter between the warm sea and the cold air.
The 74- and 18-year cycles identified in the NAO winter
index indicate that instability in the NAO winter index
increases when Arctic ice cover decreases.

The 74-year cycle in the NAO winter index represents
a long-term indicator of climate change. The 74-year
NAO cycle has a phase delay, exactly the mean between
the 74-year cycle of Barents Sea ice cover and the 74-
year cycle of Greenland Sea ice. Therefore, the total extent
of Arctic ice cover is a potential source of this important
74-year climate indicator. Schlesinger and Ramankutty
(1994) analysed long-term temperatures from the northern
hemisphere continental regions bounding the northern At-
lantic. There they found a dominant temperature cycle of
about 76 years, with a maximum in 1945, the same year
during which the identified 74.4-year cycle of Barents
Sea ice cover was at its minimum.

The Nile flood in Egypt is an indicator of rainfall in
Africa. Records from the periods 3150 BC to 2400 BC,
and 622 AD to 1470 AD, show a peak with periods of
18.4, 53, and 77 years. Greenland ice cores show periodic
cycles of 20, 78, and 181 years, and temperature records
from central England from 1700 to 1950 show periodicities
at cycles of 23 and 76 years (Borroughs, 1992; Currie,
1995). This indicates that the 74—76-year cycle is probably
a long-term, stationary oscillation.

The 74-year NAO cycle explains the climate shift in
1960 and a possible new shift in the 1990s. From 2000,
we may expect the 18-year NAO winter index cycle to
turn positive over the next 10 years, and the 74-year cycle
will turn in a negative direction during the next 30 years.
This suggests perhaps a temporary period of cooler climate
in the northern hemisphere. However, the long-term rela-
tionship between the step in the polar motion and the reduc-
tion in Arctic ice cover suggests that, in the long run, the
climate would be expected to be warmer.

The 18-year cycle is closely correlated in both cycle pe-
riod and phase to the 18-year cycle of the Barents Sea ice
cover. This indicates that the 18-year cycle in the NAO
winter index is influenced by the Barents Sea ice. The
74-year cycle introduces a phase reversal of the dominant
cycles of 18 and 6 years, and a phase reversal of stationary
cycles explains why the 18-year cycle has been difficult to
estimate using traditional spectral estimate methods. The
18-year cycle has, however, been found in a number of other
climate indicators, e.g. in tree rings, weather records,
wine harvests, and fish catch (Currie, 1981, 1984, 1987,
Currie et al., 1993).

Data and methods

This analysis has some potential sources of error, which
need to be stressed. There may be errors in the data samples
that cannot be controlled. Single data errors or white noise
should not pose a problem, because long trends are ana-
lysed, but different methods of estimating actual values
are a potential source of long-term fluctuation if time-series
are connected.

The wavelet analysis method is a new method of time-
series analysis. Its newness raises questions about its reli-
ability, but it must be stressed that it was developed from
many trials of test data. Moreover, the coherence between
the cycle periods identified and the phase in the many nat-
ural time-series shown here serves to underline the robust
nature of the technique.

Coherent or chaotic

Any time-series represents a time-variant stochastic pro-
cess. The stochastic process has temporary stationary cycles
and time-variant phases related to phase reversals con-
trolled by sub-harmonic cycles, meaning that we should
leave linear thinking and understand the spectrum in terms
of its fractal pattern.

Chaotic regime shifts are associated with long-term
cycles that are difficult to predict, because they are depen-
dent on the initial condition (Moon, 1987). This analysis
has demonstrated temporary stationary cycles from the
lunar nodal tide, and this leads on to new possibilities in
regard to long-term prediction. At the same time, the phase
reversal property reduces this long-term predictive possibil-
ity. Identifying the cause of the phase reversal may make it
possible to classify the regime-shift properties. If the phase
reversals are caused by free oscillating systems, chaotic re-
gime shifts would be expected, but if they are caused by
forced longer gravity from the moon, the regime shifts
may be deterministic.

Why are the lunar cycles so dominant? The polar move-
ment is only 3—15 m, and the lunar nodal tide represents
only a small fraction of daily sea-level changes, so why are
there dominant lunar nodal cycles in the time-series? The
answer lies in the fundamental difference between stationary
and random cycles. Small changes in stationary cycles have
great influence when they are integrated in time and space.
Hence there would not be a fixed signal-to-noise ratio: the
ratio, it would increase over time and space.

Conclusion

This work has identified a harmonic spectrum from the
18.6-year lunar nodal cycle in a number of Arctic time-series.
The cycles identified have a stationary cycle time, but not
stationary amplitude or phase. A sub-harmonic cycle of
about 74 years may introduce a phase reversal of the har-
monic cycles. The high signal-to-noise ratio shows that
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the lunar nodal spectrum can have a major influence on the
Arctic oscillation system, which influences long-term fluc-
tuations in the extent of Arctic ice. The lunar nodal spectrum
in the coverage of Arctic ice is a potential influence on the
NAO winter index, weather, and climate.
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