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Abstract

With climate change increasing its mark on all aspects of the hydrological cycle, societies all over the
world living in flood-prone areas are increasingly exposed to flood hazards. In many parts of the world,
especially in less developed areas, societies lack knowledge and data to predict future flood events. By
predicting a future flood event, an organization creates a time frame in which it can implement a miti-
gating action that reduces the financial damage inflicted. In recent years, development in new measuring
techniques has significantly lowered the cost of collecting data and information on di erent aspects of
the hydrological cycle. These developments enable organizations in regions restrained of knowledge
and data to establish methods to analyze aspects of the hydrological cycle and thereby predicting the
probability of a flood hazard several hours or days in advance. This thesis explores various possibilities
of designing and implementing an Early Warning System (EWS) for the Bus Rapid Transport Sys-
tem (BRT) in Dar es Salaam. The EWS design is based on the forecasting requirements, investigated
with the BRT-system. Several operational forecasting methods are available. The EWS designed in this
thesis makes use of rainfall data obtained from rainfall stations located in the Dar es Salaam region,
installed and managed by the Trans-African Hydro Meteorological Observatory (TAHMO). This fore-
casting data is chosen because it provides the needed lead-time with the lowest margin of error. This
forecasting data is processed and analyzed by the designed EWS and subsequently produces a proba-
bility level on a flood event. It thereby provides an advice on if the BRT-system should implement a
mitigating action based on the principle of pursuing an optimal economic outcome. The designed EWS
produces the flood probability in real-time, updated every hour with a lead time of one hour. This time
frame enables the BRT-system to implement a mitigating action, thereby reducing the inflicted cost.

The probability level of a flood event is determined by training the EWS with historic flood and rainfall
data. In addition, the implementation of both a hydrological and relational model in the EWS was
tested. The results show that the hydrological model is the better option. The results also show that
the implementation of an EWS ensures a decrease in financial damage endured by the BRT-system.
The produced outcome of the EWS was validated by a ’leave one out’ method. This validation was done
by consecutively leaving one flood event out of the historical data frame and analyzing the variability
of the resulting outcome. Finally, the designed EWS is best implemented in the BRT-system alongside
the EWS-systems currently in place.
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Introduction

Cities all over Africa are growing rapidly in size, both demographically and physically. By 2050, the
amount of people living in African cities will triple from 410 million in 2010 to 1.23 billion in 2025. The
city Dar Es Salaam, Tanzania is estimated to grow to 10 million inhabitants within the next decade
(Kebede & Nicholls, 2012).

In recent years Dar es Salaam is dealing with increasing inundations related financial and humanitarian
losses all through the rainy season. These floods result from degradation of the Msimbazi River system,
the rapid and uncontrolled urban build-up, seawater level rise and increase of stormy weather (Congedo,
Munafo, & Macchi, 2013; Kebede & Nicholls, 2011). Water is collected and transported by drainage
systems, rivers and streams. Due to financial problems and inadequate budgeting, most of the systems
and streams are clogged and poorly maintained (Secretariat et al., 2011). This and possibly other
reasons cause an increase in flood problems resulting in loss of property and damage to infrastructures
such as the BRT-System.

In order to mitigate the flood problems in Dar es Salaam the World Bank and the United Kingdom
Department for International Development (DFID) have established a partnership named the Tanzania
Urban Resilience Program (TURP). This is a partnership to support the Government of Tanzania in
mitigating disaster risk and to increase resilience to climate change. The program activities are accom-
modated in three pillars; one - Risk Identification, two - Risk Reduction, three Disaster Preparedness
and Emergency Management. Among other practices, a part of pillar three is the design and creation of
EWS'’s usable for organizations and communities in Dar es Salaam. This study explores this further, by
looking at possibilities of creating an EWS that helps mitigating flood problems endured by the BRT-
system. This study is performed under the supervision of the TU Delft with the TURP partnership as
client (Darragh Coward, 2018).

1.1. Research motivation

The managing team of the BRT-System has intentions to mitigate the financial losses caused by flood
events and thereby to protect its assets. These financial losses are severe enough for the BRT-System
to seek support from the TURP-program. This study explores the possibility of mitigating these
financial problems by creating an EWS that, with its predicting power, benefits the current situation.
A significant part of these financial losses occurs at the company’s depot, where the buses are parked
during idle time. The financial losses are caused because of loss in economic activity during or in the
aftermath of a flood (Kost, 2018) because of an inundation at the mentioned BRT-depot. Therefore,
this study will focus on creating an EWS that provides additional predicting power concerning future
flood events at the location of this depot.
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1.2. Problem Statement

The BRT-System is su ering significant financial losses because of floods, thereby giving rise to negative
economic consequences.

Several knowledge gaps will need to be answered concerning the BRT-system and the hydrological cycle
in which the depot is situated in. Important factors concerning the BRT-system are:

< Internal information distribution.
= Evacuation time of busses and personnel from the BRT-depot.
« Lead time requirements.
< Possible mitigating actions that can be implemented.
< Financial damage caused by the endured flood events.
Important factors concerning the hydrological cycle in which the BRT-depot is situated are:
< Maximum time of concentration of the catchment area.
< Average travel time of the catchment area.
= Flood types experienced at the depot location.

< Rainfall patterns experienced in the catchment area.

1.3. Research Objectives

Based on the problem statement and research motivation, the following objective for this study is:

* Objective: Designh an Early Warning System (EWS) for the BRT-system, that can be used to
timely and e ectively take mitigating actions before a flood arrives; and investigate to what
degree the design can already be established using presently available real-time data sources.

An EWS is a means by which people receive information prior to a disaster. This information has to be
systematic and timely in order to implement an action that appearance or mitigate the consequences of
this disaster. An EWS consists of a forecasting system, communication protocols and the implementa-
tion of a decision. For an EWS to be e ective, there are three general components that need to function
properly.

< Component 1: Data input

e Component 2: Data processing

e Component 3: Flood probability determination

In the next section in table 1.1 the research questions are stated. By answering these questions the
design of these components is determined.

1.4. Research Questions

The following research questions are formulated to determine the design of the stated components of
the EWS. In the next section the methods used to accomplish this are elaborated. By answering each
research question the design of each of the components of the EWS are determined. In the next section
the methods used to accomplish this, are elaborated.
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Table 1.1: Research objective, research questions and corresponding components.

Objective: Design an Early Warning System (EWS) for the BRT-system,
that can be used to timely and e ectively take mitigative actions
before a flood arrives; and investigate to what degree the design

can already be established using presently available real-time data sources.
Research questions:
What is the required lead time by the BRT-system to implement an

Component

L action that mitigates the financial damage caused by a flood event?
2 What are the travel time and the time of concentration within
the Msimbazi catchment area during heavy rainfall periods? Component 1: Data input
3 Which operational data is required by the BRT-system to implement p ’ p
an action that mitigates the financial damage caused by a flood event?
4 Which operational model is required by Component 2: Data processing

the EWS to process the operational data?

What output has the EWS to produce for the BRT-system to implement an
action that mitigates the financial damage caused by a flood event?
What gap in lead time or operational data remains and what
data, information, models are needed to fill this?

Component 3: Flood probability determination

1.5. Research Approach

The research questions stated in the previous section will help the design of the EWS for the BRT-
system. In this section the research approach used to answer these research questions are stated.

< Research question one: What is the required lead time by the BRT-system to implement an action
that mitigates the financial damage caused by a flood event?

The BRT-System will be examined to answer this research question. Data will be collected by conducting
interviews with BRT-System sta . By data collected with the held interviews, it can be determined
how much time it takes for the BRT-system to execute the mitigating actions that are in place and
what kind of mitigating actions can be implemented.

- Research question two: What are the travel time and the time of concentration of the Msimbazi
catchment area during heavy rainfall periods?

This research question is answered with data collected by fieldwork performed in the Msimbazi catch-
ment area. Data on the slope and the consistency of the soil of the catchment area is collected to
determine the time of concentration over land. Data on the velocity and profile of the Msimbazi river
is collected to determine the travel time of a waterbody. With these results the total travel time of the
Msimbazi catchment area is determined.

< Research question three: Which operational data is required by the BRT-system to implement an
action that mitigates the financial damage caused by a flood event?

This research question is answered by comparing the outcome of research question one and two. By
comparing the required lead time of the BRT-system with the travel time and the time of concentra-
tion of the Msimbazi catchment area, a forecasting method can be selected as input source for the
designed EWS. This forecasting method needs to produce data that allows the BRT-system to timely
and e ectively implement a mitigating action.

< Research question four: Which operational model is required by the BRT-system to implement
an action that mitigates the financial damage caused by a flood event?

In this study, a relational and a hydrological model are tailored and tested to process the input data
for the case at hand. Both models are tested and compared on their consistency and their predicting
power. Based on these analyses, a decision is made on which model type is the best fit for the designed
EWS.

- Research question 5;: What output is required by the BRT-system to implement an action that
mitigates the financial damage caused by a flood event?

In this study, an evaluation is made on how the processed data should be interpreted in order to
determine if the BRT-system should implement a mitigating action. This is done by training the EWS,
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and subsequently validating its output with historical data. Furthermore, several methods on how the
data should be communicated are determined as well.

« Research question 6: what gap in lead time or forecasting data remains and what skill would be
needed to fill this?

Based on the outcome of the results of the chosen model, forecasting method, required lead time and the
designed EWS, an evaluation is made on the skill and knowledge obtained in this study. This research
question is answered by determining what needs of the BRT-system are not fulfilled by this study. The
answer is stated in the discussion section because it is, in a way, a reflection on this study.

1.6. Report outline

This report consists of eleven chapters each one focusing on a separate subject matter. All chapters are
evaluated on their purpose and their relationship with the following chapter and with the report as a
whole.

« Introduction

Introduces the knowledge gap, the research objectives and the research questions to cover the knowledge
gap. It also states the motivation for initiating this study.

» Theoretical Framework

This chapter provides an overview of the existing literature about EWS’s and how a new one can be
designed for the case study at hand. It provides insight on how the stated components in section 1.3
are supported by literature.

- Case Study

This chapter describes the case study at hand. The important aspects are the BRT-system, the study
area and the flood problems.

- Methodology design EWS

This chapter states the methodology and the framework used for the design of the EWS. A detailed
description is provided on the framework of the components that make up the EWS and where it is
implemented in the BRT-system. The method used to determine the economic value of the designed
EWS is also stated in this section. The results consequential are stated in section 'The final design
EWS’ 9.

This section also provides an overview of the chapters that elaborate on how the design of the EWS is
described in this rapport. This is visualized in a flowchart and described in a summary.

* Data

This chapter describes the used data sources. It also provides an overview on the data sets created in
this study and how they are used in the design of the EWS.

< EWS component 1: Forecasting location and method

This chapter states the methods and results on which the design of component 1 of the EWS is based.
The results are divided in the hydrolocigal outlay of the Msimbazi catchment area, the required lead-
time of the BRT-system and what type of forecasting location and method are determined optimal for
the designed EWS.

< EWS component 2: Relational vs hydrologcial model

This chapter states the methods and results on which the design of component 2 of the EWS is based.
In this chapter the relational and the hydrological model are evaluated on there predicting power and
there consistency. Subsequently, a statement is produced on which model fits the designed EWS best
to process the input data.

< EWS component 3: Flood probability determination
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This chapter states the methods and results on which the design of component 3 of the EWS is based.
This chapter states how the EWS is trained and a determination is made on the relationship between
the processed data and the produced flood event probability. Subsequently, a statement is produced on
how the output of the EWS is communicated to the BRT-system.

« Final EWS design

In this chapter the final design of the EWS is stated. The final design of the EWS consist of the design
of the three components.

= Conclusion
This chapter states the answers on the research guestions.
< Future research and discussion

In this chapter a retrospect on the designed EWS is provided. Furthermore, an analysis is stated on the
credibility of the used data sets and sources. A recommendation on how an optimal implementation
would look like in reality will be provided as well.






Theoretical Framework

In this chapter, the needed background information is given to provide an improved understanding of
the conducted research. This chapter is divided into several sections. The first section is Climate change
and flood events 2.1 and gives background information on climate change and rapid urbanisation and
how this leads to an increase in flood related problems in Dar es Salaam. The second section 2.2 gives
background information about the use of an EWS. The fourth section is The BRT-system concept 2.3
and gives background information on BRT-systems around the world.

2.1. Climate change and flood events

The scientific consensus is that temperature rise has started in the 20t century and started to increase
significantly during the 1970’s. Scientific research has shown that the temperature rise is very likely
to continue in the coming decades. An increase of the atmospheric temperature has consequences on
hydrological cycles dictating the weather patterns all over the world. This relation is described by
the Clausius Clapeyron theory, and stated in various scientific articles such as (Koutsoyiannis, 2012).
At higher temperatures the atmosphere can contain a higher percentage of moisture. This increase in
moisture percentage can cause an intensification of a hydrological cycle, thereby creating heavier rain
showers, extended dry periods and increased overland- and river run-o (Berg, Moseley, & Haerter,
2013). Urban area’s are, when subjected to these intensification’s, exposed to increased flood risks due
to increasing run-o peaks. These run-o peaks are aggravated in build-up area’s because of decrease
in infiltration capacity of the soil and the loss of bu er capacity.

Research indicates that the mentioned intensification of the hydrological cycle is already in progress
in the Dar es Salaam region. Temperature levels are expected to increase in the coming years for
Dar es Salaam and Tanzania as a whole. By 2100 the expected mean temperature level is project to
increase with 1.7 degrees (Jury, Matari, & Matitu, 2009; Hunt & Watkiss, 2011). Figure 2.1a shows
the historical rising trend of the mean annual temperature change up to 2008. Figure 2.1b shows the
historical monthly maximum temperature up to 2008. Both figures suggest that the mean and average
temperature values have increased last century. The pictures where provided by TMA.

7
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Figure 2.1: Both figures illustrating separate aspects of the climate change in Dar es Salaam

Figure 2.2a shows the historical increase in rainfall intensity in the last decades. Figure 2.2b shows
the historical decrease in rainfall events over the last century. (Mtongori, Stordal, & Benestad, 2016),
concluded in their research about Tanzania that the average rainfall on the coast line of Tanzania will
increase during the long rainy period by up to 6 percent. If rainfall indeed increases in severity, and
the total amount of rainy days stays the same or decreases, as depicted in 2.2, then the intensity will
increase, which has a significant impact on flood risks in the future. With the decrease in rainfall
events, there is also an expected increase in periods of drought, which contributes to the flood risk by
decreasing the infiltration capacity of the soil (Jury et al., 2009; Hunt & Watkiss, 2011).
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teorological Agency (TMA), 2010

(a) Historical decrease in annual rainfall,(b) Rainfall event intensity increase in Dar
(TMA, 2011) es Salaam. The rainfall in mm/rainfall event
is depicted in this Figure, (TMA, 2011)

Figure 2.2: Both figures illustrated two separate changes in rainfall patterns contributing to flooding problems in Dar es
Salaam

The English dictionary defines a flood as 'water covering previously dry area: a very large amount of
water that has overflowed from a source such as a river or a broken pipe onto a previously dry area’
Flood events can be divided into the following four types. After (Jonkman, 2005).

» Coastal floods

During a coastal flood the water flooding a region originates from the sea. A coastal flood can be caused
by a windstorm and low atmospheric pressure or a dike breach.

» Flash floods

In region’s with steep slopes, little water is retained in the soil after a rainfall event. After an intense
rainfall event or sudden melting of snow, a large amount of water is released in a catchment area. This
water is collected along the slopes of a river accumulates mass and speeds during its path downstream.
The water level rises fast and floods a region in a short time. Flash floods are considered dangerous
because it is di cult to observe them.

= Ponding (or pluvial flooding)
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Local rainfall causes this type of flooding when it exceeds the conveyance capacity of the drainage
system at the location. It occurs in relatively flat regions, especially in build-up area’s with limited
drainage capacity.

< River or fluvial floods

Caused by a rainfall event that extends over period of time. Water accumulates in the river of a catch-
ment area, thereby increasing the water level. Downstream regions of catchment areas are vulnerable
for this type of floods.

A water body causing river floods has a considerable travel time because it precipitated upstream
from the flooded location. This provides the possibility for communities and organizations to act in
recognition of such a flooding event (Arnell & Gosling, 2016).

2.2. Early Warning System Concept

An EWS provides agency’s an advanced warning of probable floods, providing the possibility of im-
plementing an action that mitigates or completely avoids potential damage. This advanced alarm is
produced by collecting and analyzing forecasting data and by providing an output that can be used
as an alarm. An alarm consist of information and means for disseminating this information among
agency’s in threatened regions (Cools et al., 2012).

An agency is interested in using an EWS if the advanced warning has a lead-time that surpasses
the needed time of implementing a mitigating action. In this study, the EWS is designed for the
implementation of one mitigating action by the BRT-system*. This mitigating action requires a certain
amount of time that has to be surpassed by the lead-time of the EWS. When the required lead-time is
established, the forecasting method and location can be determined to acquire forecasting data used as
an alarm. This data has to be acquired somewhere in the hydrologcial cycle from the following sources.

= River discharge

Acquired by measuring the water level and velocity at several locations in a river system, thereby
establishing the total discharge at a location downstream. This is generally used when the required
lead-time is relatively short. It provides a relative accurate flooding prediction. Methods used to acquire
this data are radars, pressure meters or sta gauges.

« Groundwater discharge

Acquired by measuring the groundwater level and velocity at several locations in a catchment area. An
increase in groundwater level and velocity can result in seepage and an increase in river discharge that
thereafter can result in a possible flood event. Measuring groundwater generally provides an extended
lead-time compared to measuring river discharge. This data source is relatively little used because
acquiring data is proven to be di cult.

- Rainfall

Acquired by rain-gauges distributed over a catchment area. Generally provides an extended lead-time
compared to measuring ground or river discharge. Mostly used when an extended lead-time is required
or if the time of concentration over land is a significant part of the hydrological cycle.

< Future rain prediction

Acquired by satellite stations or radar antennas. Generally used when no other measuring techniques
are available in a catchment area or when the lead-time is such that it extends beyond the lag time of
the catchment area.

When a proper forecasting method and location is chosen, then this forecasting data is processed by a
model. The type of model used in an EWS depends on the data input and the required warning output.
In general two types of models can be used to process the forecasting data which are relational and

1The mitigating action is explained in chapter 3
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physically based models such as a hydrological model. In this study both types of models are analyzed
and compared for which type fits this case study best?.

Finally, a warning is communicated to an agent. An distinction is made between a probabilistic and a
deterministic warning. A probabilistic EWS provides a probability on a flood event as warning output.
The agent that uses this EWS can determine which mitigating action has to be implemented along the
EWS provided probability output on a flooding event. A deterministic EWS provides a binary alarm
only stating whether or not an agents have to implement a mitigating action. Several case studies,
documented in (Theis, Hense, & Damrath, 2005), (Verkade & Werner, 2011) and (Pawlak, Wong, &
Ziarko, 1988), state that a probabilistic EWS results in a higher economical value for the agent if it has
the skills to interpret the communicated warning correctly. The agent in this study is the BRT-system
which is determined skilled enough to interpret the probabilistic alarm correctly®.

2.3. The BRT-system concept

In the recent years, the term BRT-system has been applied widely to name bus services around the
world. In 2012, the Institute for Transportation and Development Policy (ITDP) has published the
BRT-standard thereby making it easier to standardize and compare bus services around the world. In
the year 2019, a total of 166 cities have implemented a BRT-system. Typically, a BRT-system comprises
of lanes dedicated to busses, and provides priority to the busses at intersections. The BRT-system is
designed to ensure a save and fast commuting possibility in a busy and congested city, its goal is to
combine the speed of a metro, with the low cost and flexibility of a simple bus-system.

The most heard criticism on BRT-systems is the air pollution caused by the gasoline powered engines
of the busses. Especially, compared with a metro system that is powered by electricity, the BRT-
system has significantly more impact on its environment. Furthermore, most BRT-systems su er from
overcrowdedness and poor service quality. The busses take a long time to arrive and the waiting time
is much higher then anticipated in advantage (Levinson et al., 2003).

2The exploration of both types of models is further discussed in the next section
3The BRT-system of Dar es Salaam is further discussed in chapter 3



Case Study

This chapter describes the case study at hand and elaborates on the specific factors that influences this
study. Section 3.1 describes the BRT-system in Dar es Salaam. Section 3.2 describes the flood problems
that are experienced by the BRT-system. Section 3.3 describes the Study area. Section 3.4 elaborates
on selecting an optimal predicting model.

3.1. The BRT-system in Dar es Salaam

Problems faced in urban societies are complex. Dar es Salaam is growing steadily, increasing tra c¢
and transport problems in the process. To mitigate these tra ¢ problems, the municipality of Dar es
Salaam has introduced its very own BRT-system. It has proven to be an e ective method to mitigate
urban mobility challenges(Chengula & Kombe, 2017).

Construction of the BRT-System started in 2012 and is completed around 2035(Suzuki, 2008). The BRT-
system embodies a three billion dollar investment in buses, bus stations and improved infrastructure
to deal with the rapid urbanization of Dar es Salaam. In 2012, before the construction started, 5200
buses used for public transport where in operation in the city. Despite this big number of buses,
other means of transportation such as motorcycles, tricycles(bajajeeh) and personal car use remain
high(Ahferom & Svensson, 2009). These factors along with poor infrastructure, crowded roads, waiting
time for daladala’s and unclear bus stops have severe impact on the safety and crowdedness of the city’s
infrastructure, thereby causing accidents and severe tra ¢ jams. (Ka’bange, Mfinanga, & Hema, 2014).
The government of Tanzania decided to mitigate these problems by introducing a BRT-System in Dar
es Salaam. This system consists of buses and bus lanes, enabling a safer transport of large amounts of
commuters through the city.

The BRT-System in Dar es Salaam comprises six phases. The construction of phase one was completed
in December 2015. The total cost was approximately 134 million which was funded by the African
Development Bank, World Bank and Government of Tanzania. BRT-phase one began full operations in
May 2016, covering 20.9 km of corridor, connecting the outskirts and the center of Dar es Salaam. The
total corridor length for the whole project is 130 kilometers and it is expected to save 90% of commuting
time, thereby reducing time lost in tra c¢ jams.(Venant Rwenyeri, 2015).

Phase one of the BRT-System is operated by a company named Usafiri Dar es Salaam Rapid Tran-
sit (UDART) and is under the surveillance of the Dar es Salaam Rapid Transit Agency (DART)-
organization which acts as a controlling agency that is responsible for the quality and safety standards
of the BRT-System. The company that will be granted the public tender of each of the next five phases
are yet to be determined (HEMA, 2019; Venant Rwenyeri, 2015).

Figure 3.1a gives an overview of the bus corridors of all phases and the location of the BRT-Depot.
Table 3.1 gives the corridors and its length of each phase of the BRT-system when completed.
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