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“Floods are an act of God
but flood damages are acts of Man”

— Gilbert White, 1945






ABSTRACT

Humans have always populated in the vicinity of river systems, where the
supply of water, nourishment and transportation is obtained from the river.
However, inundation is a re-occurring problem and impact of floods are ex-
pected to increase due to climate change. Accurate flood forecasting and
early warning is critical for disaster risk management. Tackling the problem
of forecasting, in data scarce environments, has become increasingly impor-
tant due to the changing climate. Remotely sensed river monitoring can be
an effective, systematic and time-efficient technique to monitor and forecast
extreme floods. Conventional flood forecasting systems require extensive
data inputs and software to model floods. Moreover, most models rely on
discharge data, which is not always available and is less accurate in a over-
bank flow situations. There is a need for an alternative method which de-
tects riverine inundation, using open-source data and software. This thesis
aims to research the use of passive microwave radiometry for the detection,
classification and forecasting of inundation.

Brightness temperatures are extracted from the passive microwave radiom-
etry and are converted in a discharge estimator: the C/M-ratio. Surface
water has a low emission, thus let the C/M-ratio increase as the surface
water percentage in the pixel increases. Sharp increases are observed for
over-bank flow conditions. The research combines the identification of in-
undation with a probability analysis via a quantile regressional fit. Flood
forecasts can be obtained from an upstream catchment area. In the most
ideal situation with a delay of 2,5 hours. This allows for probabilistic early
warning decision making, with a lead time up to 14 days. (location specific)
Strong Spearmans correlation coefficients between the discharge and C/M-
ratio are found (> 0.883). Allowing the model to forecast floods as gauged
discharge records do. The model used has a comparable skill to the local
GloFas forecast. This research investigated the impact the remote sensed
technology could have on the flood forecast, response and warning system.
An added model to an Early Action Protocol has the ability to lower uncer-
tainty within decision making and enlarges the intervention window. The
advice is to use such a model in combination with other forecasting models
such as GloFas.

The challenge using this technology is the integration of hydrological com-
plexity. The method allows for automated, global-covered creation of grid
based flood forecasts, independent to cloud coverage. Creating low spatial
resolution flood forecasts combined with a probability bound in hours after
satellite detection. The method has a high potential for data scarce flood-
prone river basins around the world. The future for this technology lies in
the global daily availability of the data. With satellite sensors improving,
spatial resolution is expected to increase. Allowing for even better flood
forecasting ability.
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INTRODUCTION

Within the Southern Africa Development Community, Zambia is one of the
countries most severely impacted by extreme weather conditions. In fact,
it is estimated that 75% of all disasters in Zambia are induced by weather
conditions (United Nations, 2016. Floods are the natural hazards with the
biggest impact world wide in terms of frequency, geo-spatial distribution
and economic impact (United Nations, ISDR, 2017. While both developed
and undeveloped countries suffer from the higher frequency of natural dis-
asters (mostly ooding); The low income and undeveloped countries, like
Zambia, are hit harder due to the "protection gap” that occurs (UNFCCC).
The ood risk of a country is determined by a combination of hazard, expo-
sure and vulnerability. The risk is expected to increase worldwide because
of the increase in ood hazard due to climate change. Exposure effects can
increase due to the demographic growth. Vulnerability of a speci ¢ country
can decrease the ood risk, even if the hazard and exposure are increasing.
Vulnerability levels are generally high in low-income countries. Therefor is
of utmost importance to lower the vulnerability of low income and develop-
ing countries with the effect of a lower ood risk.

1.1 flood risk in zambia

The wet season in Zambia is an annual occurring phenomena. Due to the wet
season, an annual frequency in ash and riverine ooding occurs. Effects of
the ooding are mostly seen in the displacement and fatalities of the pop-
ulation, loss of agriculture and destruction of infrastructure. Floods in the
20082009season led to one of the most severe impacts, that displaced over
102000 households, with 31 related deaths. Damaging livelihoods and caus-
ing signi cant threats of waterborne disease in the Western, North — Western
provinces (ZRCS, 2019. Floods have a big impact on the agricultural output
of the country. In January 202Q United Nations Of ce for Coordination of
Humanitarian Affairs ( OCHA) estimated that the Gwembe District recorded a
98% reduction in the maize production, compared to 2018and the ve-year
average (OCHA, 2020. The Zambezi is the biggest river in Zambia, cover-
ing over 1,390,000 km? in Zambia. The Zambezi is one of the largest rivers
is Africa. Flood indicative data is scarce due to the limited capacity of data
and modelling capacity in developing countries (Schumann et al., 2013.



1.2 disaster risk management

Disaster Risk Management (DRM) is a program set up to increase the coping
capacity of the ones affected by a disaster. It entails the process of imple-
menting the disaster management policy to reduce the risk of a ood. To
anticipate to a ood, a well working Early Warning System ( EwS) should be
in place. An EwS has the goal to give individuals and communities at risk
more time to act and reduces the possibility of personal injury, loss of life
and damage to property and environment (Teule, 2019. A complete and
effective early action system consists of four main pillars: Risk knowledge,
Monitoring and warning service, Dissemination and communication and
Response capability (Gaillard and Mercer, 2013. There are multiple compo-
nents in an Ews. First of all, the data collection & monitoring. Continuing,
forecasting with the use of hydrological models or local knowledge. Fore-
casting can be done on different spatial scales and with different lead times.
Lastly, there is the decision making, early warning and response. The EwsSis
best integrated if it enables a multiple-actor and bottom-up approach to the
system. Complete and effective early warning systems entail a great inter-
connectivity between the four pillars (United Nations, ISDR, 2017. EWSSs
can be implemented on several levels. Global products like Global Flood
Awareness System (GloFas) can be used to understand and anticipate on a
global scale to disasters. On national scale, products like a linked gauging
network or weather linked ood warning systems can be used to obtain
more detailed information about a disaster and prevailing ood. A bottom-
up example approach is community based disaster risk reduction, support-
ing and implementing the participation of vulnerable communities in Early
Warning. Community based early warning empowers communities with lo-
cally developed measures and warning systems to increase coping capacity.
The difference between the levels of early warning is large. The attempt of
integration of several levels of early warning systems strategies have not re-
sulted in useful products ( Sakic Trogrli € et al.,2019. An EwsS should lead to
a prede ned set of early actions. The main problem with the dissemination
of early actions is the complex decision making process and the lack of fund-
ing for the appropriate action ( Sakic Trogrli¢ and van den Homberg, 2018.
Forecast Based Financing £BF) is a method developed by the International
Federation of Red Cross (FRC) to introduce and place humanitarian fund-
ing in the preparation phase to a disaster. The FBF program allows for risk
reduction, enhance preparedness and effective DRM and disaster response.

1.3 satellite imagery for flood protection

Satellite imagery is a widely used tool in our society. Daily imagery with a
full world coverage is available in all different kind of forms and uses. From
the assesssment of multi-annual changes of ice coverage on Antarctica to
the mapping of deforestation rates in the Amazon, satellite imagery has an
enormous power. Remote sensed data is also used in the hydrological sector,
for example in the effective measurements of the surface water quantity or



water quality analysis via color spectral insights.

General uses of riverine ood prediction are based on the numerical model
type and input data. Basic models run on a numerical 'bucket' model with
few input parameters, mostly based on periodically obtained rainfall data
and a soil moisture-relation model, like the GloFas model used in Zambia
(Alaoui, 2017. Models differ in their complexity. There is a trade-off be-
tween the increased spatio-temporal information and the predictive power
that is generated. Flood prediction requires quantitative knowledge about
in ltration, run-off dynamics and precipitation levels, which are commonly
collected at a local or point scale. Scaling this information to a catchment
scale comes with a loss of complexity that occurs at catchment scale (Alaoui,
2017.

Current ood warning products used in Zambia are solely based on me-
teorological data, thus precipitation data, combined with a hydrological and
hydraulic model. The latter is used in a global ood model:  GloFas. The
accuracy of meteorological forecasts varies with lead time, spatial scale of
the region of interest and the type of weather being forecasted. Rainfall
forecasts can be used to extend the lead time for ood forecasts. However,
because forecasts of rainfall for speci c locations and timing are not fully
accurate, ood forecasts based on rainfall forecasts are often subject to sig-
ni cant uncertainty. Forecast systems such as GloFas are able to give a good
indication of extreme discharge peaks in time (ZRCS, 2019. However, their
predictive value differs in location, depending on the t of the hydrological
model and the local setting. Insights in, for example, Malawi have shown
that the predictive behaviour of GloFas is not suf cient to obtain ood fore-
casts Sakit Trogrli € and van den Homberg, 2018.

The question arises, what if this satellite imagery could be used to obtain
daily imagery from each catchment worldwide? Optical remote sensing is
limited by the effects of cloud cover. As the wavelengths in the optical spec-
trum are re ected in haze and cloud cover, the predictive capacity of optical
imagery is limited.

1.4 passive microwave remote sensing for inun-
dation detection

Passive Microwave Remote Sensing eMRS) is focused on the passive mi-
crowave spectrum, which has the advantage of not being blocked by cloud
cover. Detecting inundation by means of PMRsS has been researched in multi-
ple projects (Brakenridge et al., 2007, (De Groeve and Riva) and (de Groeve,
2010. In the work of Brakenridge et al. the use of the C/M ratio is intro-
duced. The method uses Ka-band radiometry (36,5 GHz, AMSR-E, Horizon-
tally polarized) to obtain the brightness temperature at a given location. The
Brightness temperature is converted to the C/M ratio using a correlated cal-



ibration cell to account for diurnal and seasonal uctuations.

The rst result of this research indicates the contrast in brightness temper-
atures of neighbouring cells (within and outside a oodplain respectively).
The results show the ability to obtain inundation in speci c areas. Current
limitations are seen in the lack of accuracy / resolution, timing and location
dependency. The C/M ratio can be related to actual discharge peaks. How-
ever, one should keep in mind that the C/M ratio is not able to distinguish
between inundation and actual discharge levels. The C/M ratio has not been
considered as a predictive ood forecast method yet.

1.5 research objective

The ambition of this thesis is to show the opportunities of satellite imagery
in ood forecasting on catchment scale. This is done by applying the latter
to a use-case as compared to the local possibilities to currently used ood
forecasting products: GloFas.

The main objective is to establish and benchmark a forecasting method
solely based on upstream PMRS observations for a target area of interest for
the Zambian Red Cross Society grcs). By benchmarking it against the cur-
rent used product, the performance is tested. It can be decided if PMRS could
provide additional probabilistic information about ood forecasts next to the
current product GloFas. PMRS has been used to monitor oods, but will be
used to forecast oods in a probabilistic manner in this thesis. The end-
product will consist of a two-fold. On one side, the possibility for integra-
tion into a new ood forecasting model is assesssed. On the other side, the
research is set into perspective by investigating the lead time winning capac-
ity this technology can provide. There are a number of nitpicking research
guestions that have to be solved in order to nd out if this objective can be
reached or not.

Main Research Questions:

" Can Satellite Passive Microwave Remote Sensing be used as a trigger for
inundation Early Warning System in the Zambezi River, Zambia?”

subquestion 1. Can Passive Microwave Remote Sensing be used to
identify inundations?

Although proven in previous research that there is identi cation ca-
pacity, the physical workings of a PMRS model should be tested lo-
cally. The correct local areas of interest should be identi ed and well
understood before proceeding to the actual forecasting model.

subquestion 2. To what extent can multi-annual trends in PMRS be
related to discharge records?

Multi-annual trends are of importance to test the model and obtain the
extreme value analysis of the C/M ratio. The long time-series can be



used to obtain a good understanding of threshold setting using this
new method of assesssing ooding.

subquestion 3. Could the timing of a ood event be obtained from
PMRS?

In ood forecasting, timing is the most important factor when forecast-
ing inundation levels, hence the PMRS model should be creating valid
and correct timing outputs. For this, the model is checked to local
timing/impact data that veri es how the performance is.

subquestion 4: How does a PMRS based model perform in compari-
son with GloFas and what skill can a forecast combination with PMRS
offer?

The method is tested in comparison to the currently used product. Its
performance capacities compared to GloFas are of importance to rate
the actual value of the product with the current usage.

"Follow the Forecast”

subquestion 1. How can the lead time of (a combination of) forecasting
systems be optimized to enable a maximum implementation time for
the actions in an EAP?

In order to set the technology assessment into perspective to the cur-
rent intervention window of the Early Action Protocol ( EAP), an anal-
ysis of the timing components in the EAP is executed. The goal is to
enlarge the intervention window by either increasing the forecasted
lead time with a given uncertainty or optimize the ef ciency of the
steps within the EAP. Insights into the decision making process are to
be obtained.

1.6 partners

This thesis entails the nalization of the master Water Management with a
specialization on Hydrology at the Delft University of Technology. The the-
sis is written during the graduation internship at 510, an initiative of the
Netherlands Red Cross. The research project is part of the integration of the
Forecast-based Financing plan for the zRCs. The project falls within the FBF,
Response Preparedness Phas@ (RP2), Prinses Margriet Fonds (PMF) project,
where the aim is to implement an effective EAP for the zrRcs. Within this
project, a consortium of partners is working together to realise this EAP, nam-
ing a few key partners: Government of Republic of Zambia ( GRz), Water Re-
sources Management Authority ( WARMA ), Disaster Management Mitigation
Unit (DMMU ), ZRCS. The project builds on the project ZAMSECUR, in which
new methods to monitor and model the Zambezi river are investigated.



1.7 reader guide

For the reader whom is interested or less acquainted with (passive microwave)
remote sensing, ood hydrology or disaster management in particular, Chap-

ter 2 provides the technical background supporting this work. In Chapter 3,
information about Zambia, the Zambezi river system and the Barotse ood-

plain are collected. The area of interest is displayed and the reader is in-
formed about the important environmental and hydrological characteristics

of the area. Continuing in Chapter 4, where the approach of the research
is explained in the Methodology. Chapter 5 contains the main outcomes of
the research, backed up by several Appendices to support in visual repre-
sentation. The results are evaluated and re ected on in Chapter 6. Finally,
the conclusion and recommendations for future research are addressed in

Chapter 7.



THEORETICAL BACKGROUND

This section de nes the theoretical background of this thesis. It touches
upon the different theoretical backgrounds used. First, introducing some ba-

sic concepts of the Disaster Risk Management Cycle. Secondly, introducing
the basics of Remote Sensing, the backbone of the C/M ratio (Brakenridge
et al., 2007. Furthermore, it provides an insight into early action systems

for ood forecasting.

2.1 disaster risk management cycle

The DRM cycle consists of four main stages. Reduction, Readiness, Response
and Recovery. The phases can be split into two time frames. The Reduction
and Readiness are in the pre-disaster stage. Response and recovery both
t in the post-disaster stage. The pre-disaster stage is focused on activities
and measures that ensure an effective coping capacity and response. The
post-disaster phase is include rescue, rst aid and evacuation practices, but
also look at the recovery in the aftermath of a natural disaster (ADPC, 2005.
Remote Sensing RS) data is a viable source of information to decision mak-
ers, as it can help to understand the spatial phenomena of the disaster (Joyce
et al., 2009. Some concrete examples of the implementation of the DRM cycle
focused on oods are:

Reduction phase : Construction of ood control reservoirs or the building of
dikes to protect the vulnerable communities.

Readiness: Construction of a meteorological system that can give accurate
meteorological data. Creation of an Early Action System in which includes
all different aspects of Readiness.

Response: Rescue, rst aid and construction of temporal shelters.

Recovery: rehabilitation planning, disaster resistant reconstruction. Fund-
ing and resource support for rehabilitation and reconstruction activities (ADPC,
2005.

A disaster management strategy that is commonly adapted is a Flood
Forecasting, Warning and Response Systems KFWRS. A FFWRS enables the
user to act in advance of a disaster and create lead time to mitigate the risk
(Verkade and Werner, 2011). An FFWRSIs used to create time for residents &
NGO's or authorities to act (Parker and Fordham, 1996. A FFWRSconsists of
three main subsystems. The three subsystems are forecasting subsystem, de-
cision subsystem and the warning response subsystem. The subsystems can



be found in Figure 2.1. The forecasting subsystem generates a probabilistic
or deterministic forecast from several input parameters. The (hydrological)
parameters can be of different types, both deterministic and probabilistic.
The second subsystem is the decision subsystem. This subsystem contains
the warning protocol and mitigation actions to reduce the losses of oods.
Finally there is the warning response subsystem in which the actual imple-
mentation of the actions is executed (Parker and Fordham, 1996 & (Verkade
and Werner, 20117).

Figure 2.1: FFwWRSscheme of a monitoring system in ood forecasting (Verkade and
Werner, 2011)

2.1.1 Early Warning Systems

Flood protection measures are in place prevent ooding of people and their
assets. If resources for protection are not available the risk can be managed
through preparedness, coping capacity and response time. The use of anEAP
can improve the preparedness and lower the response time, thus lowering
the vulnerability to ood risk. Four main pillars are de ned that should be
obtained in an effective EAP:

1. Risk Knowledge

2. Monitoring & Warning Service

3. Dissemination and Communication

4. Response Capability (United Nations, ISDR, 2017

Next to the main pillars, a risk assessment of the vulnerable area should
be conducted. Identifying the actual coping capacity of the people in place
allows to direct the EAP in the direction of those most in need of help. An
EAP should be build up at several levels, from local to district to national.
The Ews is based on monitoring and warning from a reliable forecasting
source. The need for continuous monitoring to generate accurate warnings
is stressed by (United Nations, ISDR, 2017. There are two aspects of this
monitoring and warning cycle that have shown to be sensitive to uncertainty
namely; 1. the level of uncertainty of a forecast is not represented. 2. The
communication of these uncertainty levels with end-users in a simple man-
ner is a challenge.



2.1.2 Forecast-based Financing

Humanitarian organisation aim to respond in the early phase of the DRM. In

order to accommodate to this early response the EWEA approach is used.

IFRC de nes EWEA as ” routinely taking action before a disaster or health emer-
gency happens, making full use of the scienti ¢ information on all timescgked)
Current uses of scienti c knowledge, technology and data result in a in-

crease in the quality of the disaster preparedness and anticipation to natural
disasters (IFRC, 2008. In 2008 launched the FBFpilot to create this new
methodology to addres the DRM. FBFis explained by the IFRC as "FbF is an
approach which enables access to humanitarian funding for early action, that can be
taken based on meteorological forecast information, combined with risk analysis, to
prepare for extreme weather events. The goal of FbF is to anticipate disasters, pre-
vent their impact, if possible, and reduce human suffering and [b@§¢3C, 2008.

The new methodology is seen as the new approach to prepare, deliver and
respond to natural disasters. The FBF approach is in line with the global

goals set by the United Nations, also referred to as the Sustainable Develop-

ment Goals, as there is a prioritization on investment in water, agriculture

and climate change. It is seen merely seen as a preparedness and reaction
strategy but next to the latter also functions as a framework to decrease cli-

mate change.

FBF is set up in two main phases. The rst phase consists of determin-
ing and agreeing on the pre-set activities and roles that play a role when a
trigger reaches a threshold. The responsibilities, actions undertaken and reg-
ulations set are agreed on and documented in a EAP or Standard Operating
Procedure. In setting up these protocols, the IFRC works closely together
with national and international parts of the Red Cross and with the local
government. The second phase of the FBF consists of ensuring that the re-
sources named are supplied within the correct time-frame. In here the IFRC
works as the nancial mechanism to fund the activities include in the EAP.
The key element of this section is the guaranteed allocation of funds for early
action, once the IFRC and the National Society (NS)'s has an approved and
validated EAP. Financial allocations are automatically transferred according
to a pre-agreed forecast trigger, that indicates the potential for severe nega-
tive impacts on the most vulnerable population. The scheme of actions that
comprise the FBF methodology are visualised in Figure 2.2

Figure 2.2: Flow of the FBF process. source: media.ifrc.org
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2.2 prediction models

Creating a well working FFWRS enables the user to act in advance of the
ood disaster. A FFWRSsconsists of three main subsystems. In order to assess
the hydrological skill of a new product, one should assess several aspects of
such a system. The following section entails a description of the most impor-
tant aspects of prediction models and aspects of hydrological modeling.

2.2.1 Probabilistic vs Deterministic Forecasts

The different information source that is used has an effect on the type of
forecast that is created. By using information that has an either probabilistic
or deterministic nature, the nature of the decision system is determined. De-
terministic models rely on thresholds which automatically initiate warning
responses. The decision is then dependent on the threshold and system that
is designed in the forecast subsystem (Verkade and Werner, 2011). A proba-
bility designed system can also be related to a speci c threshold. Although
this threshold is reached, an aditional set of information is provided, namely
the probability or probality of exceedance. This extra piece of information
allows the user to introduce an optimal probability threshold to initiate a
response (Parker and Fordham, 1996. With the extra level of information
comes more decision making challenges. Which probabilistic information
range is "right"? Or what is the best probability to start early action? (Dale
et al., 2014.

2.2.2 Lead time & Intervention Window

The lead time is de ned by the Red Cross as: "The length of time between
the issuance of a forecast and the occurrence of the disaster is forecasted to
happen.” (GRC, 2017. The lead time is thus initiated by the moment the
forecast is gathered. The lead time can also be linked to a probability of
occurrence to inform with more detail about the probability that a specic
disaster occurred. Enlarging the lead time is important in early action. A
lead times is the time for aid workers time to prepare, disseminate more
information and take appropriate action / respond on the emergency. The
intervention window is the window of time in which aid workers can make
this intervention, given a certain uncertainty. The intervention window is
bounded by the time that speci ¢ actions take. For example, the decision to
evacuate people or livestock can only be made if the time it takes to execute
the evacuation is still available. Thus the intervention window is limited.

2.2.3 Decisions in Flood Forecasting

Decisions in ood forecasting are based on the output of the forecasting
model. Such a forecasting model could be both probabilistic and determin-
istic. Decisions can be made based on probability levels, acquired lead time,
additional ground truth data or the ability to deploy actions. In most cases a
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pre-set manual will make sure the appropriate decision is made for a speci ¢
threshold level. There is an important trade-off that occurs in ood forecast-
ing decision making. The trade-off is induced by the increase of certainty
when a forecast is given with a lower lead time. The trade-off between a
quick response, and dealing with a higher uncertainty. Or waiting for more
certainty but having the chance not to be able to introduce the appropriate
action (Carsell et al., 2004. Next to the time trade-off, one can also trade-off
between cost & bene t for each action.

2.2.4 Cost-Bene t of Flood Forecasting & Warning

Verkade et al. calculated the bene ts of ood forecasting from a nancial
point of view. The goals is to optimize the cost vs. bene t of speci c actions
that are taken. Four situations where taken into account. A perfect forecast,
a deterministic forecast, a probabilistic forecast or no forecast. The result of
the forecasted situations gave insight in the optimal way of forecasting from
a cost/loss or benet ratio. There occurs a trade of between the bene ts
and losses of the reduction of risk. For all different tested situations the
probabilistic forecast resulted in a better ood risk index, and a lower cost
to loss ratio (Verkade and Werner, 2011).

2.3 remote sensing

The process of remote sensing is the gathering and processing of information
via devices that are remotely located. This thesis is speci ed on satellite re-
mote sensing (European Space Agency (ESA)2015. In satellite remote sens-
ing the electromagnetic radiation is captured by a sensor. Electromagnetic
radiation sensors capture signals in a broad range of wavelengths. Depend-
ing on the resolution of the electromagnetic radiation sensor. There are three
main resolutions that play an important role in remote sensing, namely: spa-
tial resolution, spectral resolution, temporal resolution (Neisingh, W., 2018,
(CIMSS, 20195 . This thesis is focused on the microwave spectrum (wave-
lengths: 10° nm - 1 m or a frequency: 101° Hz - 108 Hz).

Spatial Resolution

Spatial resolution refers to the size of a single cell in an image. The smallest
resolution length of a cell is expressed in m or km depending on the size. A
cell resolution of 500 m refers to a cell with the area of 500mx500m. Spatial
resolution is of importance as it de nes the resolution of a single cell, or
input. For Microwave Remote sensing this resolution should be minimized
in order to distinguish best between two cells (CIMSS, 2015.

Spectral Resolution

Spectral resolution determines the range and range size of wavelengths mea-
sured by the satellite sensor. Wavelengths occur in a huge range, from
1Im 10, 000n for optical wavelengths and up to 30 kmfor micro-wavelengths.
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The spectral resolution de nes the range in which wavelengths are absorbed

/ measured by the sensor. Most remote sensing satellites record the energy
over multiple wavelengths with varying spectral resolutions. (multi-spectral
sensors). Highly advanced new sensors (hyper-spectral sensors) detect hun-
dreds of narrow spectral bands trough the electromagnetic spectrum. In-
troducing a new level of discrimination between target bands with their
corresponding spectral response. (CIMSS,2015

Temporal Resolution

Temporal resolution de nes the timing at which images are captured. The
timing between images (frequency of an overpass) de nes the timing of
which an output of an image can be created. In ood prediction, the tem-
poral resolution of a satellite product de nes the timing in which oods can
be detected. The time-frame of an overpass is seen as thedTy when timing
of a product is de ned. Ideally, diurnal or semi-diurnal temporal resolution

is needed for ood prediction. Temporal resolution differs per satellite and
location on earth (CIMSS, 2015.

2.3.1 Remote Sensing for Rivers and Surface water

Applications of Rsin rivers or surface waters are mostly based on determin-
ing color or temperature of water. Color differences in the optical spectrum
are used to allocate water in a speci c location. Rsare of increasingly impor-
tant in understanding the spatio-termporal dynamics of water quantity and
quality. Applications of Rsare used in simulating water management and
hydrology scenarios. There are several implementations of the technique
which are shortly touched upon, to give an insight in the size and usage of
RS (Kawsar, 2015.

One emerging problem in the context of surface water quantityis the lack
of temporal and spatial ground data. Rsallows the user to look at a multi-
temporal timescale to a problem. An example of this is the NDWI (Nor-
malized Difference Water Index), which allows one to visualize, locate and
guantify surface water bodies from satellite data (Kawsar, 2015. Rsis also
used to extract river widths. As discussed in Chapter 4, the software RivWid-
hthCloud, can extract river width changes from Rsdata (Yang et al., 2019.

2.4 microwave remote sensing

Microwave RS comprises two types of remote sensing, namely: passive and
active remote sensing. Due to the longer wavelength the microwave radia-
tion can penetrate through clouds, haze, dust and rainfall. The wavelengths
are less susceptible to atmospheric scattering than the shorter wavelengths.
This entails the big advantage over optical remote sensing, its ability to col-
lect data under all environmental conditions. Passive microwave sensors



detect naturally emitted microwave radiation. Compared to an active sys-
tem, where the radiation is actively created and the re ection is received (eg.
synthetic active radar). The level of natural emitted radiation is related to
the temperature and moisture level of the emitant. The emitant in this case is
the soil or surface water seen by satellites. Microwave RsShas been integrated
in the rst Landsat missions and on-wards. Therefore a data-set of close to
40 years of daily data is gathered. Passive Rsis preferred over active RS due
to its more consistent sensor characteristic.

2.4.1 Brightness Temperature

The brightness temperature is the observed parameter measured by the ra-
diometers. It is merely a observational quantity than a physical quantity
(Neisingh, W., 2018. The brightness temperature is expressed in units of
temperature of an equivalent black body. The brightness temperature of
microwave wavelengths is approximated with the Rayleigh-Jeans approxi-
mation. (Accurate for radiance much greater than the peak of the black
body radiation formula). The Rayleigh-Jeans approximation is given by the
following formula:

| 4

k = Plancks constant, c is speed of light, e is the emissivity, Ty is the kinetic
temperature, | is the wavelength. L is the Luminosity.

The equation is related to the kinetic temperature through the emisivity
of the material. l.e. its ability to emit radiation. Passive microwave bright-
ness temperature can be used to monitor temperature changes related to the
emissivity property of the soil or water.

Tb = e Tk (22)

The emissivity (e) can be de ned as the relative brightness of an object
compared to its actual brightness following this formula:

Me
Me

]

#= (2.3
With M. being the radiant ux of the surface and M, the radiant ux
of a black body with the same temperature as that surface. Materials do
not behave like a black body but the property of emissivity does differ per
material. This allows the identi cation between soil or surface watetr.

By (24)
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d

Figure 2.3: Thermo-electric black body radiation from the Sun and the Earth. Fig-
ure showing the wavelength bands at which the passive radiation is
emitted (source: (Macdonald, 2019)

2.4.2 Di-electric Constant

Microwaves are electromagnetic waves, traveling through a space. Satellites
gather electromagnetic waves that have traveled through space, the atmo-
sphere and earth's crust. The properties a speci ¢ soil has describes how
the wave will propagate and interact. In PMRS the important factor to take
into account is the electric permittivity or dielectric property of a soil in the
earth's crust. Describing the ability of a molecular structure to store or re-
lease energy in an electric eld.

Solid non-conducting (di-electric) materials found on earth can be ex-
plained by their relative permittivity. Surface water has a higher relative
permittivity compared to solids, due to its conductive behaviour. The free
rotation of a water molecules allows it to align the dipole of the molecule
in the electromagnetic eld. When a current is applied to water the conduc-
tive behaviour allows it to conduct energy. This high di-electric property of
water allows it to in uence a soil it comes in contact with. When water inte-
grates with a soil the effective di-electric property of the soil enlarges. The
di-electric property of a soil or water is an important part of the emission
and scattering properties of the soil (De Groeve and Riva, 200%). showed
that passive microwaves are greatly affected by the di-electric properties of
a soil. The effect has an impact on the so named: penetration depth of a
microwave signal.

Penetration Depth

The penetration depth refers to the ability of a microwave to penetrate the
soil to a speci c depth. Waves with larger wavelengths penetrate deeper
than the shorter wavelengths (Owe and Van de Griend, 1998. The larger
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wavelengths have low frequencies while the short wavelengths have a large
frequency. In the case of riverine ooding, the aim is not to assess the depth
of a inundation. As the inundation might be very shallow. So low penetra-
tion depths are required.

2.4.3 C/M Ratio

The C/M-ratio is a measurement quantity of passive microwaves as de ned
in research of multiple researchers. (Brakenridge et al., 2007, (De Groeve
and Riva, 2009), (De Groeve, 2010. The C/M ratio as de ned is the back-
bone of the thesis, as it is the main tool to use PMRS to observe inundation.

The C/M-ratio is a measurement quantity of passive microwaves as de-
ned in research (Brakenridge et al., 2007). Brakenridge de nes the ood
prediction method using the Calibration Cell 'C' and Measurement Cell ‘M'.
These cells are used to estimate the discharge estimator 'HR' (Brakenridge
et al., 2007 & (De Groeve and Riva, 200D).

TB,measurement cel ( 1 W) TB,Iand + W TB,Water (2-5)

W resembles the portion of water within the pixel. The T components are
de ned in [K]. If the physical temperature is constant, changes in bright-
ness temperature are linked to the surface water extent within the pixel.
Direct relation between brightness temperature and surface water area can-
not be drawn indisputable. Arguments for this relation and its indisputable
relation are discussed by (Neisingh, W., 2018. Brightness temperature mea-
surements are in uenced by factors like physical temperature, emissivity
differences and atmospheric moisture. Their relative contribution cannot be
accounted but these factors are assumed to be constant over a large distances.
the hypothesis underlying the C/M ratio method is that these in uencing
factors co-vary enough in the limited space encompassing the "C” and "M”
area, that they cancel out when combined. So to cancel this relative contri-
bution of the factors, a division between a 'wet' and 'dry" cell is made.

Temeasurement ce® TBmeasurement ((1 W) €ang+ Wewater) (2.6)

Tg calibration = TBJland = TB.calibration €land (2.7)

The assumption is made that nearby pixels have the same emisivity rate for
land (€ ang), so follows from (de Groeve, 2010:

€andmeasurement €landcalibration  €lands

TB,measurement cell TB,caIibration cell
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By comparing to the calibration cell, (Brakenridge et al., 2007, (de Groeve,
2010 integrated a correction for the diurnal and seasonal changes in bright-
ness temperature in a given area. The measurement cell 'M' is de ned as a
cell that is clearly affected by uvial change during a period of ood. The
measurement cell shows a clear change in brightness temperature when in-
undated. Also before referred to as the ‘wet' cell. The calibration cell 'C'
is de ned as the cell that is not affected by uvial change, attributable to
surface water changes, thus no expected change in brightness temperature
is observed. Referred to as the 'dry' cell. A comparison is also generated by
using a pre selected 'C' Cell. This gave no better output.

HRe y = T calibration cell _ M (2.8)

TB,measurement cell C

(de Groeve, 2010 de ned the magnitude of ooding by comparing the
number of standard deviations and mean (average) of the time-series. in eq.
2.9.

Figure 2.4: Example of the time series of Brightness Temperature at the
'‘M'easurement location (M) and at the 'C'alibration location (C), com-
bined with the C/M-ratio as de ned by (Brakenridge et al., 2007. Data
from test location Senanga for the year 2009 Peak of C/M ratio corre-
spond to the true ood disaster in 2009 Location: Senanga (Point of
Interest as described in Figure 4.3(own work)

(Brakenridge et al., 2007 & (de Groeve, 2010 & (Neisingh, W., 2018 de-
ned an optimum frequency for the C/M ratio as  36,5-GHz. The incidence
angle at which the C/M ratio is determined is 54,8°. The AMSR-E data is
used as the profound source of data to do the rst test with. AMSR-E data
gives a global data set, freely available through the MEaSURESs program.
This allows the work to be extended to other locations. The H(orizontal)
polarization and D(ecending) (night) orbit with a spatial resolution of  25km
and a temporal resolution of 1 day (above the 30°latitude) were chosen to be
the most optimal conditions. The night overpass occurs at 1230 - 1:30 AM).
The night overpasses have more constant land surface temperature, hence
show better differentiation between emissivity differences. In Appendix A,
polarisation differences are explained.

(Brakenridge et al., 2007, de ned four main indicators for choosing the
calibration- and measurement cell.
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1. C must be located near M, within the correlation length scale of the
physical temperature. This allows the T to be cancelled in the paired
ratio.

2. C and M are close there is no time difference in the moments acquired
by the satellite sensor.

3. Cis an area that is least affected by uvial change. M is within the
range of the speci ed river. C is unaffected by river width change.

4. M is located in a area that shows a clear change when uvial change
is observed.

(De Groeve and Riva, 200%) applied an automatic selection of the 'C'alibration
cell based on the brightness temperature as the hottest value in neighbour-
ing cells. As the cell with the highest brightness temperature nearby is by
de nition the 'driest cell, this is the best method for automatic selection of
the calibration cell. In the model used in this thesis the highest surrounding
brightness temperature is found by nding the surrounding cell with the
lowest correlation coef cient. By applying this method item 1, 2 and 3 of
the summation above are met. The 'M'easurement cell is handpicked and
selected within the permanent river stream to meet requirement 4.

To obtain ood extent information, a 'Wet' input cell can be introduced
(Neisingh, W., 2018. In theory this allows the user to interpret the water
body by integrating the Digital Elevation Map and the full bank capacity.
This is not taken into account since the correctness of using the 'wet' cell
only holds for an constant existing water body that is located close to the
area of interest. For locations that are too remote from the area of interest,
there is a too big difference in physical temperature, emissivity differences
and atmospheric moisture to be able to compare to the 'Wet' cell location.
For this research location it is found that no 'wet' cell can be obtained in a
close enough perimeter to obtain the same physical properties as the area
of interest. Therefore the CMC ratio de ned by (Neisingh, W., 2018 is not
taken into account. Furthermore, the research in this thesis does not need
clari cation on ood extent as it is foccussed on predictions based on up-
stream observations.

2.5 current forecasting models

2.5.1 GloFas

Most ood warning or forecasting systems are based on a short term model
that can use little amount of inputs to predict discharge levels. GloFas is
the current ood forecasting tool used by the Zambian Red Cross to detect
oods in Zambia. GloFas is a worldwide ood prediction model. It couples
weather forecasts (precipitation data) with a hydrological model on which

it provides a hydrograph of all rivers worldwide.  GloFas uses the forecast
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data from the European Centre for Medium-Range Weather Forecasts. The
workings of the system are visualized in Figure 2.5. The input parameters
are shown in yellow. Combining the meteorological precipitation data with
inital conditions and soil/DEM/topography. The model runs a forecast, hy-
drological model and post-processing tool (in blue) in order to produce the
web interface visualization. GloFas is able to produce 30 day forecasts of
ooding, with associated probability of exceedances. The probability of ex-
ceedances are calculated by comparing the30 day forecast with the realtime
forecast. The maximum product lead time that is offered is 30days. But daily
forecast data is provided up to 15 days in advance, given a certain probabil-
ity. GloFas its performance differs per country, as the hydrological model
iS not country speci c. Its function in Zambia is tested upon ground-truth
discharge data. The GloFas model is tested with the so called Continuous
Ranked Probability Skill Score. This score is calculated against persistence
or climatology to give an skill evaluation per lead time (ECMWF, 2019.

Figure 2.5: GloFas system: input = yellow, model = blue, output = grey
source: https://www.global oods.eu/

The EAP in Zambia is based on GloFas. The triggers for this EAP are de-
ned using a multi-annual extreme value analysis. Providing the 60, 70,
80 percentile of the discharge levels. The percentiles are determined from
the 10 year returning ood maximum. The linked threshold levels can be
used as triggers in the EAP. Medium-time ranged forecasted could reduce
ood related losses as they provide a larger intervention window for the
decision making processes, compared to shorter, more accurate, forecasts
(Thiemig et al., 20195. A high leadtime is connected to a high uncertainty
level. To overcome this problem an Ensemble Stream-work Prediction (ESP
can be created. AnEsPuses numerical weather productions and a hydrolog-
ical model to obtain a forecast of the future state of the weather. GloFas is
such a system that integrates numerical weather predictions in its model to
obtain a forecast. It can be used as the input for the Disaster Support Sys-
tem (Ds9 of the Early Action Protocol to determine whether actions, triggers



or funding needs to be applied. The value of an ESPover a single forecast
is its ability to generate a probability of occurrence of an extreme weather
event. This probabilistic values can be used to identify severeness or inter-
pret thresholds. The performance of GloFas is used as a test benchmark in
the hydrological skill assessment, as it is the current product used in Zambia
for ood forecasting.

2.6 disaster management analysis

Several approaches exist in the analysis of disaster management systems.

Focusing on different aspects of the disaster management chain, or more
focusing on a process or topic. There are three main subsystems of informa-
tion ow that play a role in the Zambian EAP. The different subsystems as
refered to in Figure 2.1, can be analysed by using different techniques.

The forecasting subsystem is entails the whole monitoring and forecast-
ing part of an EAP. There is a rise of online accessible technologies com-
bined with the numerous ways of (pre)-proceessing functions and the online
available geo-spatial data. Solutions to geo-spatial problems require several
geo-processing functions and resources, some of which cannot be provided
by a single computing system (Ohuru R., 2019. A geo-intelligence work-
ow is used to create a framework in which the complex geo-processing
functions and data sources are combined. The visual representation of the
geo-intelligence work ow helped the creation, sharing, understanding and
integration of the software processing of geodata (Lemmens et al., 2018. The
geo-intelligence work ow allows for organisations to standardize the work-
ow of a humanitarian process. Evaluating the moment the data comes into
the server to the actual release of a trigger.

The decision and response subsystems as displayed in Figure2.1 contain
a timing component that has to be taken into account when analysing the
disaster management.

For the FFWRsdecision subsystem it is of importance to map the tree of de-
cisions in a system. The so called, forecast information ow diagram which
visualizes the ow of information when a trigger is communicated and dis-
seminated. The overview allows the user to identify the decision making
tree, ow of information and the target points of improvement of ef ciency.

In large humanitarian structures it is of importance to visualize the ow of
forecast information to create understanding of the system (I.N. Streefkerk,
2020. By assesing the decision framework the nature of the decisions can
be evaluated. In disaster decision making there consists a trade-off between
uncertainty levels and intervention time (Verkade and Werner, 2011). In this
work it is assumed that decisions are solely made based on the forecasted
information, policy and procedures in place.

Humanitarian Value Stream ( HVS) is a technique to map the chain of a
humanitarian stream and quantify its value. It can be implemented in a

19
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range of different humanitarian aid subjects, as to protocols. Hvs allows for
ef cient gathering of operational data and highlights the weaknesses and
opportunities of the studied system (Salvad 6 et al., 2015. HvS entails a eld-
oriented approach to map the timing and value of each speci ¢ segment in
the process. The eld oriented approach can be organised over Skype as
long as the main stakeholders of the humanitarian stream are involved in
the interviews. The goal is to improve the organisational structure of the
EAP by looking at the four lean principles: Value, Value stream, Flow and
Pull. As the value of a step is hard to implement and investigate remotely,
an adjusted Hvs technique will be implemented in the Methodology.

For improvement in long-term strategies and robustness of the EAP, the
following theory is described. Figure 2.6 displays the criteria for a signal
monitoring system to support adaptive planning. The three main criteria
are: Salience, Credibility and Legitimacy. Within the main criteria there are
a few sub criteria. Salience: Measureability, Timeliness, Reliability. Credibil-
ity: Convincibility and Institutional Connectivity (Haasnoot et al., 2018. By
assessing a monitoring system on the later named criteria the robustness of
the system as a whole can be tested.

Salience refers to the actual needs of the end user. With the measureability
of the product. The time component that indicates the intervention window
that is created. The reliability of the product concerns the probability that
the product gives wrong or incorrect signals. The credibility refers to the
technical believeablility of a product. The signal monitoring system should
be convinceable in a technical and scientic manner. The user will ‘trust'
the system more if the Convincibility of the system is high. Institutional
connectivity is reached if the system is advocated by the different institu-
tions involved, thus being accepted by a political, social, technological and
decision context (Haasnoot et al., 2018.

Figure 2.6: Overview of the criteria for signal monitoring within a system. (Haas-
noot et al., 2018

The three theories of analysing the disaster management policy of the EAP
can be shortly formulated in Table 2.1:
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Covering the 'geo'-intelligence work ow that should be followed
Geo-intelligence work ow to combine the separate data sources and techniques to come to
a trigger evaluation.

Visualizing the ow of information when a trigger is

Forecast Information Flow diagram . . .
g communicated and disseminated

Visualizing the ows of information and goods when
a speci ¢ action is undertaken.

Humanitarian (Value) Stream Mapping

Table 2.1: Disaster Management Analysis steps






ZAMBIA & ZAMBEZI RIVER BASIN

This section entails the general information about Zambia and the Zambezi
river Basin. Especially focus is set on the inundation of the ood prone
area's of the Zambeazi river basin. Further insights in Zambian statistics are
displayed in Appendix B

3.1 general information

Zambia is a landlocked country in the south -central part of Africa. The of -
cial name of the country is the Republic of Zambia. Zambia is surrounded
by eight countries namely; Angola, Namibia, Botswana, Zimbabwe, Mozam-
bique, Malawi, Tanzania and the Democratic Republic of the Congo. The
country stretches over an area of 752,618 kn?.

3.1.1 Climate

The climate of Zambia is classi ed as predominantly Cwa (Temperate, dry
winter, hot summer) following the K 6ppen-Geiger climate classi cation. Other
classi cations do emerge in parts of the country, being; Aw (Tropical Savan-
nah), BSh (Arid, Steppe, Hot) and Cwb (Temperate, dry winter, warm sum-
mer) Two dominant seasons regulate the climate pattern. From November
to April the rain season occurs, which corresponds to the summer. During
the winter, the dry season occurs. Which occurs from May to October. The
average annual temperature in the Capital, Lusaka, is 20.3 °C. The average
rainfall is 831 mm. Extensive gures about climatology in the Zambezi river
system are given in Appendix B.

3.1.2 Population

Zambia has a population of 17,8 million people. The life expectancy is 55,3
years old. The fertility rate is 5,3 births/woman. High levels of inequality
occur in Zambia. The inequality is mostly seen in the health care, education
and administrative de ciencies. The Barotse oodplain is an area charac-
terized by widespread poverty. The Western provinces is among the most
poor of Zambia. The poverty is mostly due to the remoteness, dif cult cli-
mate and low coping capacity. The diversity of the Zambian population is
visualised in the population pyramid in Figure 3.1 (United Nations, 2015.
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Figure 3.1: Demographic population pyramid of Zambia source: CIA

3.1.3 Economy

The economy of Zambia is based on its mineral and agricultural wealth. In
the northern part of Zambia copper, cobalt, uranium ores are mined. Fur-
thermore there is a sub-economy running on gold, diamond and manganese.
The GDP per capita of Zambia is 1,491$. The economic strengths of Zambia
are its export products from agriculture and mining, furthermore is there
signi cant hydroelectric potential in the area. Which is not exploited fully

at the moment. Being a landlocked country makes Zambia reliant on the ex-
port routes of neighbouring countries. Electricity generation is insuf cient
and unreliable, putting pressure on the economy. Due to the strong mining
sector is a growth of the economy observed and expected to continue in 2020
(Coface, 2020.

3.2 hydrology of the zambezi river basin

The Zambeazi river basin originates Northern Zambia, from which it ows
through Angola, trans-boundary and eventually back to Zambia. It enters
the Indian Ocean at the East coast of Mozambique. The Zambezi connects to
three tributaries namely; Dongwe, Kabompo and Lungwebungu. The Zam-
bezi has a total length of over 1,390,000 km?. It is classi ed as the fourth
largest river in the African continent, after the Congo, Nile and Niger river
basin.

The Zambezi in the Western province is characterised by the Barotse Flood-
plain. The Barotse Floodplain, also called the Bulozi oodplain or Zam-
bezi oodplain, is one of the biggest wetlands in Africa. As seen in Figure
3.6d, the Barotse oodplain originates when the Lungwebungu river joins
the Zambezi. The end of the oodplain is seen near the city of Senanga. The
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Barotse oodplain has a low water area of 537 kn? and a ooded area of
10,752 km?.

Zambia is dealing with 2 main ood types namely, ash oods and river-
ine oods. Flash oods occur when excess rainfall does not in Itrate and
continues as runoff in a stream or channel. Due to the dry climate of Zam-
bia, soil is not able to take up large quantities of precipitation and overland
ow occurs. Flash oods occur in a short period of time and mostly have a
surprising effect. Therefore ash oods often cause greater loss of life than
River oods. Riverine ooding occurs in the larger river systems. Mostly
in the more wet parts of the country (Zambezi). Excess rainfall collects over
a long period of time in the rivers and slow water-level rise occurs over a
longer river stretch. When inundated, river ooding can cause great damage
as the severe quantity of water is larger compared to ash oods. Riverine
oods occur over a longer time period.

3.2.1 Environmental Characteristics of the Barotse Floodplain

The barotse oodplain is located in the Western and North-Western province
in Zambia. The Floodplain stretches over an area of approximately 230km
downstream. Within the 30-50 km wide wetland the Upper Zambezi river
ows. The Zambezi enters the wetland at Lukulu (where the Kabompo and
the Lungwebungu rivers meet) and exists the wetland at Senanga. The main
body of the wetland has an area of 5500knm?. When ooded the total area
of land covered with water is over 10,000 kn?, taking into account the trib-
utaries. Peak in ooding is mostly seen in 2 to 3 months after the peak in
the rainy season. (April - May). The wetland is made up of many smaller
lagoons, even in periods of dry season. The oodplain is mainly comprised
of grasslands. Although trees are largely absent from seasonally ooded
areas, there are a number of small wooded areas on higher ground. The
western side of the Barotse ood plain is anked by the plateau of Kalahari
sand covered with wood- and grassland (Timberlake, 2000. Species of an-
imals range from various types of sh to large grazers such as wildebeest
and zebra's. The Barotse oodplain is the home of the Lozi, a migrating hu-
man tribe consisting of over 250000 people. The Lozi migrate over the plain
and move when oods arrive. Their main source of food is supplied by the
hunting of sh and land animals (Timberlake, 2000. As the Lozi people are
completely dependent on the oodplain climate system, understanding its
ooding patterns can be of great importance.

Figure 3.2 illustrates to what extent the Barotse oodplain is lled with
water during the wet season. The character of the oodplain shows the
high spatial distribution of water in the event of inundation. The water will
cover the whole oodplain on a yearly basis. The optical satellite imagery
proofs the inundation of water over a large area, which is one of the main
characteristics that a basin should have when interpreting it using the C/M
ratio technique.
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Figure 3.2: MODIS Terra optical imagery showing the inundation process of the
Barotse Floodplain. Corrected re ectance Iter shows water to appear
in black. Clear distinction of the oodplain when inundation occurs
(source: EOSDIS Worldview)

3.2.2 Natural Hazards

Zambia is prone to a large range of natural hazards like oods, dry spells,
storms, earthquakes and more. Floods and droughts are a annually occur-
ring problem, as in the rest of Sub-Saharan Africa (Sakic Trogrli € and van den
Homberg, 2018. The FBF scoping study identi ed oods as one of the major
hazards affecting the country. The annual ooding affected a large amount
of people in the livelihoods of the high risk area's. The review of historical
hazards can be found in Figure 3.3. The most severe ood occurred in 2008
2009 with a displacement of 102000 households and 31 related deaths. The
disaster caused the bloom of waterborne diseases and due to the displace-
ment over 34,000 households were identi ed in need of aid (ZRCS, 2019.
Most oods are caused by the bursting of riverbanks mainly in the Zambezi
River and by heavy rainfall. Due to rainfall there occurs a massive environ-
mental degradation and settlement along the banks. (ZRCS, 2019 Figure 3.3
displays the different types of disasters that occurred in Zambia with their
corresponding date. Reviewing this historical data revealed that oods are
the hazard type that affected the most people in Zambia. Independent analy-
sis is done by the International Disaster database showed that the oods are
the most frequent disasters in Zambia (over 80%), but also were the disasters
that have the highest mortality rate and economic loss (UNDRR).



Figure 3.3: Different types of disasters occurring in Zambia within the time period
[19832019, current information on the Covid- 19 disaster count is not
yet available. source: (ZRCS,2019

3.3 area of interest

Before the analysis is done, an area of interest had to be determined. The
area of interest was determined by combining different perspectives of the
research. The rst perspective was from a humanitarian aid point of view.
For this the risk score analysis - and ood risk assessment of the region were
used. This assessment was created by theb10, ZRCS and WARMA in prepara-
tion of the current EAP. The Risk Score map3.4 that was created indicates the
high risk score of the Western Province in Zambia. The risk score analysis
combined the vulnerability, the exposure rate to oods and the capacity to
anticipate, cope and recover from the impact of oods. Some general socio-
economic, political and physical factors were taken into account. The nal
product showed a 'high' Risk level of the whole Western province . This
province is the location of the upper Zambezi river system.

WARMA has created a ood risk map of Zambia for ood forecasting and
ood monitoring. Figure 3.5. Three levels of ood risk are identi ed by

The risk areas as displayed in Figure 3.5 are de ned by 510in consultation
with DMMU . The analysis contains information from from four vulnerability
indicators: poverty index, literacy level, asset ownership and access to mar-
ket.

Next to the humanitarian aid perspective, the effectiveness of the technol-
ogy was taken into account. The technology works best with large ood-
plains that inundate over a large area when a riverine ood occurs. The
products' spatial resolution of 25 kn? allows only for wide wetlands to give
an effective result. The Barotse oodplain was chosen for its wide wetland.
The wetland works as an aquifer. When inundation occurs a widespread
area of surface water is detected. This layer of surface water is the key for
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