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Royal Haskoning had been commissioned to conduct a study on the risks and threats of coastal flooding of
Lagos State, Nigeria. During my internship for Royal Haskoning, the company gave me the opportunity to
conduct my Master Thesis for Geo-Information Science and Remote Sensing in cooperation with them as
well. The study relied on many GIS assignments from which a thesis topic could be extracted. In general, the
Royal Haskoning Coastal Flooding Management Study consists of three parts:

1. System definitions and Surveys
2. Coastal flood risk assessment
3. Coastal Flooding Mitigation Measures; Conceptual designs of Protection Measures

The most GIS components are nested in the first and the second part of the RH study. At the end, the coastal
flood risk assessment will be used as guideline and indicator for the possibly necessary mitigation measures
to be designed. Therefore, deepening in and research on the coastal flood risk assessment through a GIS
thesis was very welcome.

The results and conclusions of this thesis can be used by scientists, engineers, consultants etc. whom are
working in the field of coastal engineering, and especially coastal flood risk assessments. The entire approach is viewed from a GIS perspective. This GIS perspective is, as far as I am concerned after this thesis,
indespensable while working with many information layers and the upcoming high resolution terrain data in
the coastal engineering discipline.

First of all, I would like to thank my supervisors at Wageningen University, Ron van Lammeren and Arend
Ligtenberg, for their enthusiasm, their support and their critical attitude towards my work. It helped me focusing the topic; a topic where there is far more to explore.
Further, I want to thank Joost Lansen (who was my supervisor at Royal Haskoning) for all the coastal
engineering background information and necessary input for my case study.
I also would like to thank Laurens van der Burgt and Marc Hoogerwerf (Geo Solutions, Royal Haskoning) for
their support in automation of the geoprocessing tools. Otherwise I stuck in the interface of ArcGIS.
Finally, I want to thank Dirk Heijboer (Managing Director Haskoning Nigeria Ltd.) for the opportunity to conduct my thesis in Lagos, Nigeria; the place where I spent my childhood. The additional work in Lagos next to
the substantive issues of the thesis (like the time consuming data collection and negotiations with the client)
yielded very valuable experiences which I will never forget and will exploit in my future career. Working in
Nigeria is like accepting deep valleys and celebrating high peaks on your path, and... being patient!

Bas van de Sande
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Most coastal flood risk assessments are based on a conceptual risk approach where Digital Elevation Models
are used as means to estimate the flood hazard for coastal zones according to projected water levels. The
resolution and accuracy of DEM data is critical regarding the results of coastal flood risk assessments, because these data determines whether a location through a flood simulation will be flooded or not. Commonly,
publicly available DEMs like ASTER GDEM and SRTM DEM are used for coastal flood risk assessments,
although the resolution and accuracy of these datasets is relatively low. The sensitivity of coastal flood risk
assessments to the publicly available DEMs, and the effect on coastal flood hazard and flood risk estimations
based on these datasets is currently overlooked.
A case study in Lagos State (Nigeria) has been conducted to show the effects on flood hazard and flood
risk estimations by comparing with adopted ground truth LiDAR DEM estimations. In two case study scales
with differing horizontal focusing scales (Lagos State and Lagos City) and differing vertical focusing scales
(5 meter Low Elevation Coastal Zone and storm surge water levels) the effects of the usage of the publicly
available DEMs have been revealed for the hazard area estimations and population at risk estimations. The
results have been supported by error statistics of the used DEM datasets.
In general can be concluded from the case study that both ASTER GDEM and SRTM DEM overestimate the
elevation, and underestimate the hazards and risks for almost all projected water levels with a factor larger
than 2. For almost all projected water levels SRTM DEM gives better results (closer to LiDAR DEM estimations) than ASTER GDEM.
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1.1 - Context and Background
1.1.1 - Climate change and coastal flooding
Coasts are experiencing the adverse consequences of hazards related to climate change and sea level rise,
and will be exposed to increasing risks of coastal flooding (IPCC 2007; Nicholls et al. 2007; Nicholls et al.
2008). Globally, the effective sea level rises are estimated in a range from 0.5 to 12.5 mm per year (Ericson et
al. 2006). Also IPCC (2007) estimates sea level rise with projections for various scenarios in a range of 0.18
meter to 0.59 meter at the end of the 21st century (2090-2099). Sea level rise will contribute to an increased
risk of flooding, though it will not create the largest impact. The estimation of an intensification of tropical and
extra-tropical cyclones, larger extreme waves and storm surges are expected to contribute more significantly
to the increasing risks of coastal flooding around the globe (Nicholls et al. 2007).
That delta areas are vulnerable to extreme climate conditions could recently be seen. Examples of natural
disasters in New Orleans (2005), Bangladesh (2007) and Myanmar (2008) demonstrated this vulnerability
and also the large impact natural disasters can have on society.

New Orleans 2005

Bangladesh 2007

Myanmar 2008
Figure 1: Disasters due to coastal flooding in New Orleans (USA), Bangladesh and Myanmar

1.1.2 - Urbanization in a Low Elevation Coastal Zone
There are many countries with a large share living in their population living in settlements in the coastal
lowlands. Deltas get more and more heavily populated, and especially the less developed countries have a
large part of their population living in the low-lying delta regions (McGranahan et al. 2007). The Low Elevation
Coastal Zone (LECZ) provides a rough risk indication for coastal zones worldwide. The LECZ is the continuous area along the coasts that is lower than 5 or 10 meters (depending on the scope of the study) above
sea level. The 10 meter Low Elevation Coastal Zone covers 2% of the world’s land area, but contains 10%
of the world’s population (McGranahan et al. 2007). This already remarks the concentration of the globe’s
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population in this zone, and herewith emphasizes the urge for coastal flood risk assessments while looking at
a future outlook with sea level rise and more intense cyclones, waves and storm surges.

1.1.3 - Case Study Area; Lagos State
The case study of this thesis on coastal flood risk assessments is applied on Lagos State, a State of the
Federal Republic of Nigeria. Nigeria is a country located in West Africa, and bordered to the Gulf of Guinea,
part of the Atlantic Ocean. The coastline is 850 km long and is mainly characterized as being the estuary of
the principal river of West Africa; the Niger River.
Lagos State is located in the south-western part of the country, bordering the Bight of Benin in the south,
Ogun State in the North and the Republic of Benin in the west. The coastal zone in Lagos State is determined
as a Coastal Barrier Lagoon Complex (Ajao et al. 1996). This is a coastal zone established through sand
ridging and characterized by spits. The barrier lagoon complex in Lagos State (with Badagry Creek, Lagos
Lagoon and Lekki Lagoon) is part of a larger complex which stretches through the Republic of Benin, Togo
and Ghana up to Ivory Coast. In Lagos State the complex is only connected to the sea at one location in the
Lagos Lagoon. This coastal inlet is one of the major occasions of the development of Lagos Harbor and the
development of megacity Lagos.

Figure 2: Lagos State in the context of Nigeria and Africa.

For the coastline around the Niger Delta outlet (Gulf of Guinea), sea level is estimated to rise with 5-7 mm
per year (Ericson et al. 2006). In Lagos State sea level rise was already locally observed in the early 90’s
(Allersma & Tilmans 1993). Lagos State (including the city of Lagos) belongs to the fastest growing cities of
the world. UNPD (2008) prospects the city of Lagos to have a population of 12.4 million in 2015, and 15.8 million in 2025 (respectively becoming the 17th and rising up to the 12th world’s largest megacity of the world).
The actual population size of Lagos State is uncertain, regarding the many numbers which are published by
various sources, differing from 9 million to 17.5 million. In this fast growing state half of the land area lies below 10 meter LECZ (see figure 3.1 and 3.2), based on reclassified SRTM elevation data. With these notions
4
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it is more than valid to elaborate on studying the risks of hazards coming from the sea for Lagos State. Since
an entire high resolution LiDAR elevation dataset became available for the Coastal Flooding Management
Study of Royal Haskoning, it was a perfect case which can be used to focus this Geo-Information and Remote
Sensing thesis to the field of coastal flood risk assessments by using GIS.

Badagry Creek

Lagos Lagoon

Lekki Lagoon

Figure 3-1: Urban areas covered by LECZ (area lower than 10 meters above mean sea level). According to
SRTM DEM elevation data (CGIAR 2008) and Landscan population dataset (ORNL 2008)

Lagos City

Figure 3-2: Population distribution in Lagos State. According to Landscan population dataset (ORNL 2008)
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1.2 - Conceptual GIS Approach
1.2.1 - Probability, Consequences and Risk
In greater lines, the study in Lagos State can be approached from a widely used concept of flood risk mapping, which is schematically shown in the figure 4. In order to create a Flood Risk Map, a distinction is made
between the potential adverse consequence of the flooding and the probability of the hazardous process
(Martini & Loat 2007).
The flooding probability could be drawn in Flood Hazard maps, like the flood extent (the area covered by
water, given a specified floodwater level), the flood depth, and in some cases the flow velocity where appropriate. Flood risk maps show the potential adverse consequences of the flood, related to the flood scenarios
presented in the flood hazard maps. Flood risk maps are the result of an overlay of the socio-economic information layers (the potential adverse consequences of a flood scenario) with the flood hazard layers.
This distinction implies a distinction in data demand as well. The data demand mainly depends on whether
your goal is to create a flood hazard map or a flood risk map. In other words, the type of information you want
to communicate with your map determines what kind of data you need.
In general 3 types of preferable geo data input are needed for building up coastal flood risk models:

- DEM/DTM (Digital Elevation Models/ Digital Terrain Models)
- Climate (Change) Information
- Location Specific Socio-Economic Information

Probability

x

Consequences

=

Risk

Consequences of the Flood

=

Flood Risk

Figure 4: Conceptual risk equation

1.2.2
- Focus Probability
on DEM
Flooding

x

Roughly, it can be stated that DEM/DTM and Climate (Change) Information are the basic input components
for FLOOD
Flood Hazard
Maps.
In order to work out a Flood Risk Map, you also need locationFLOOD
specificRISK
socio-economHAZARD
MAPS
MAPS
ic information. For the Flood Risk Maps it is important to know from which aspects you want to show the risk;
Consequences of the Flood
Flood Risk
Flooding Probability
x
=
e.g. depicting casualties with population numbers or damage costs with economical/function classification of
the urban areas, etc.
Socio-economic layers
DEM
x
=
FLOOD
RISK MAPS
For coastal
flooding modelling the Climate
(Change)
Information
is mainly curtailed
to researches
and scePresent
land/water
division
Waterlevels
narios on expected rise of sea water levels and more extreme storm surges, including possible monitored
water levels of previous events. However, since it was known
that a high resolution LiDAR elevation dataset
Pro-action
FOCUS:

was available
in Spatial
the Coastal
Define
Entity ofFlooding
Interest Management Study of Royal Haskoning, the focus of this thesis shifted

Prevention
Find suitable aggregated socioeconomic Information
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to the DEM part. Moreover, the DEM forms the basis of the risk assessment and propagates through the
entire coastal flood risk assessment, which is worth to elaborate on in a thesis subject.

1.3 – Problem Definition
Of the three types of input information for the conceptual coastal flooding model (DEM, Climate Change
Information and Socio-economic information) the DEMs will represent the geometry of the terrain. Primary
topographic attributes play a critical role in decision making for many planning and management fields (Januchowski et al. 2010). Coastal flood risk assesments are supporting tools for these fields, where information
on terrain elevation is often used by means of Digital Elevation Models. The DEM will be the first indicator
whether a place during a certain event will be directly affected by the hazard or not.

Resolution and accuracy of DEM data
A key aspect for (coastal) flood risk assessments is the resolution of the DEM data (the combination of grain1
and extent2) and its vertical accuracy. When the scale of observation is arbitrarily derived, as is the case with
the remotely sensed DEMs used for this thesis, it is likely to occur that the needs and interests of the scientist
are not meeting the derived resolution of the dataset. This is how quantification problems can occur (Hay
et al. 2001). The attributes or zones of interest differ in size and are scale related (e.g. perimeter of a city or
perimeter of a house), while many datasets are derived arbitrarily in resolution and/or scale.
Moreover, DEMs are very likely to be subject to some level of error and uncertainty, which can be caused
by the effects of interpolation, the set resolution or the sensitivity of the sensor (Fisher & Tate 2006). These
errors and uncertainties are important aspects to take into account. because different coastal flood risk assessments require other elevation accuracies of the DEM dataset.
Different scale levels (vertical scale and horizontal scale) of coastal flood risk assessments can require different needs for the horizontal and vertical resolution of the DEM datasets and different vertical accuracies
of the elevation. Unfortunately, it is not easy to align the scale levels and corresponding objective of the
coastal flood risk assessment to appropriate DEM datasets of which the resolution is arbitrarily derived and
the (location-specific) accuracy is not known. This is an issue to be dealt with in the coastal flooding management study of Royal Haskoning as well, because the study consists of different scale levels and zoom-in
areas within Lagos State.

Publicly available DEM datasets
Sometimes local terrain data or the currently upcoming LiDAR DEM technologies are being developed for
1
2

Grain refers to the smallest intervals in an observation set
Extent refers to the range over which observations at a particular grain are made

7

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

research and management projects, which are relatively costly surveys compared to other manners of obtaining DEMs. Freely publicly available globally covering DEM datasets like SRTM DEM (CGIAR 2008) and
ASTER GDEM (METI & NASA 2009) are more commonly acquired and obtained (Holmes et al. 2000), which
are datasets with relatively low horizontal resolution and a low vertical accuracy. On one hand, ASTER
GDEM and SRTM DEM datasets will force you to avoid flood risk assessments in detail and analysis in small
scaled areas (because they have a low horizontal resolution and low vertical accuracy). On the other hand,
the particular LiDAR dataset used in this thesis has not been generated for the purpose of coastal flood risk
modelling on a scale which serves Lagos State extent, because its original resolution will be overwrought for
such scales. The primary reasons for collecting LiDAR data for Lagos State were the demarcation of urban
landuse and cadastral purposes.
It is not known how far you can describe the flood risks with the use of publicly available DEM datasets. For
instance; for the Deltacommissie Veerman in the Netherlands (Deltacommissie 2008), and for flood risk assessments in New Orleans, Louisiana (USA) after hurricane Katrina high resolution DEMs have been used
which were acquired by LiDAR airborne systems. In such cases budget was made available to develop or
obtain the data. On the other hand, under data poor situations and when budget is low, you are forced to
rely on the publicly available DEM datasets, which is likely to occur while conducting projects in developing
countries. In many projects it is unclear which DEM datasets can be used for which coastal flooding application by spatial planners, civil engineers etc. Many people end up using SRTM DEM dataset and the ASTER
GDEM dataset, because it is free and ready to use for modelling (De Roo et al. 2007; Demirkesen et al. 2007;
Lugeri et al. 2010). For other hazard assessments the SRTM DEM dataset is already a widely used dataset
for representing topography (Castellanos 2005; Hubbard et al. 2007; Van Westen et al. 2008), which shows
that these datasets are attractive for use in environmental assessments.

Sensitivity of coastal flood risk
By making use of the conceptual coastal flood risk model, the location specific probability of a flood will be determined by the climate (change) information and the DEM. Normally, the results will be depicted in maps and
will be used by policymakers, urban planners, civil engineers etc., and function as input for decision making
for other purposes. The publicly available DEM datasets are often used for coastal flood risk assessments,
although the resolution and accuracy are relatively low. Because the results of coastal flood risk assessments
(e.g. maps) serve as such important references for environmental planning and management, it is necessary
to elaborate on the sensitivity of coastal flood risk assessments to the publicly available DEM datasets.

8
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1.4 – Research Questions and Research Objective
It is not known how accurate and suitable the ASTER GDEM and the SRTM DEM are for the Lagos State
coastal flood risk assessments, which are the publicly available DEM datasets. The high resolution LiDAR
DEM dataset could be used for the study and this thesis, and could serve as ground truth elevation. This created the opportunity to conduct a comparison analysis to reveal the effects of usage of the freely available
publicly available DEM datasets.

Research Objective:
The objective is to assess the effects of usage of different publicly available DEM datasets on the flood risk
results of coastal flood risk assessments.
General Part; Theoretical
Prior to the building up of a fitting and suitable case study on coastal flood risk assessments, research is
needed on coastal flood risk processes and the translation to a GIS environment.

Research question 1:
Which factors of the phenomenon of coastal flooding can be taken along as significant variables in a conceptual GIS model?

Research question 2:
What are indicators for the requirements for resolution and accuracy of DEM data of a coastal flood risk
assessment that remains to be executed?
Case Study Part Lagos State; Practical
For the case study itself some outcomes of the first two research questions are taken along in the design of
the case study. A case study which finally needs to address the last two research questions which directly
supports the objective of this thesis.

Research question 3:
What are the effects of the used publicly available DEM datasets on the flood risk at different scale levels of
coastal flood risk assessments?

Research question 4:
Can trends be derived from the errors of the used DEMs and the results of the derived flood area by the used
DEMs?
9
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1.5 – Reader’s Guide
This thesis consists of a theoretical part and a case study part. The methodology is split up in a two chapters; Background Study and Methodology case study. In the first methodology chapter the first two research
questions are addressed. In this chapter results of a literature study are presented, in order to function as a
theoretical background. The results generated in the chapter Background Study form the basis for the design
of the case study (chapter Methodology Case Study). The Backgound Study chapter is rather a combination
of a literature study methodology and accompanying results which are serving the input for the development
of the case study.
The results of the case study are shown in the chapter Results Case Study. These results will be mainly
quantitative and only valid for Lagos State extent.
In the chapter Conclusion and Discussion conclusions will be drawn based on the outcomes of the results of
the case study. The sensitivity of coastal flood risk assessments to the different used DEMs will be revealed
by the case study, and these results will be linked to the outcomes of the Background Study.
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2 - Background Study
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2.1 – Flood Risk Approach
2.1.1 - Conceptual Risk Approach
Within the field of risk estimations of natural phenomena there are various ways to approach risk. Though
there is no “one and only” definition for risk, but there are a number of key elements that can be distinguished
in the different definitions and conceptual approaches. One of the definitions embraced by UNDRO (1991)
shows that risk is a conceptual product of a natural phenomenon and the persons’ / objects’ vulnerability to
that phenomenon.

“Risk is the product of a specific risk and elements at risk and refers to the expected numbers of lives lost, persons injured, property damaged and economic activity disrupted due to a particular natural phenomenon.”

Jonkman (2007) elaborated on this theory within the field of flood risk assessments and emphasizes the difference between a specific risk and elements at risk by distinguishing the term risk into probability of a certain
event and the consequences of a certain event:

“Risk is a function of the probabilities and consequences of a set of undesired events.”

This definition is more applicable for coastal flood risk assessments because within this expertise the distinction between probabilities and consequences fits better in a world where the probability of flooding is
changing due to climate change and sea level rise, and where the possible consequences are also changing
due to population growth, urban sprawl and so on. Coastal floods do not have to cause consequences with
respect to lives which can be lost, persons injured, property damaged etc. There could be a probability of a
hazard, but a hazard does not have to cause a disaster. Many hazards (like floods, earthquakes and other
phenomena) occur without resulting in a disaster (Perry 2007). The risk that a disaster evolves is a result of a
combination of the probability of a flood hazard with the vulnerability to the population, communities, individuals etc (the consequences). In line with the previous the following function which can be seen as directory for
this thesis is schematically shown in figure 5. This formula should not be interpreted as an exact formula, but
rather as an indication of a relationship. It is a way of framing questions and ordering thoughts.

In coastal flood risk assessments the risk results are mainly presented spatially by using maps.
When you project this concept on a flood risk assessment, the flooding probability could be drawn in flood
hazard maps, like the flood extent (the area covered by water, given a specified floodwater level), the flood
depth, and in some cases the flow velocity where appropriate. The consequences are related to the possible
affected objects and persons by the flood. Regarding the consequences of a flood, flood risk maps show the
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potential adverse consequences of the flood (see figure 5).
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In this thesis coastal flooding is approached from a rather simple “bathtub” approach. In order to model hyPro-action
drological connectivity,
you can simulate inundation by selecting the grid cells which have a lower value than
FOCUS:
Define Spatial Entity of Interest

the projected water level (Poulter & Halpin 2008). The simulation can be done in two manners; with and without surface connectivity. Without surface connectivity all Prevention
grid cells which are lower than the projected water
Find suitable
aggregated
level are indicating
the
floodedsocioareas. With surface connectivity only the grids cells which are lower than the
economic Information

projected water level and are connected to an adjacentPreparation
flooded grid cell or open water indicate inundation
(see figure 6). For coastal flood risk assessment inundation modelling with surface connectivity seems more
appropriate because the projected water levels only have direct influence on the adjacent land zone. This
implies that the areas which are lower than the projected water level and connected to the open water of the
sea or the lagoon should indicate the simulated inundated areas.
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Figure 6: Bathtub principle (Darker blue indicates inundated areas)
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2.1.2 - Purposes and use of flood hazard maps and flood risk maps in flood risk assessments
Flood risk maps can be generated for multiple reasons. Flood risk maps support and serve flood risk management strategies. The demand of the end-user determines which essential parameters will be used to build up
the flood risk map. For flood risk maps, depending on the different stakeholders and people involved, different
purposes will demand different contents, scales, accuracies and visualizations of the flood risk maps. According to EXCIMAP (Martini et al. 2007), flood risk maps are primarily used for:

1. Strategy and planning of flood risk reduction measures
2. Land-use Planning
3. Emergency Planning and Management
4. Public awareness
5. Insurance

Planning of reduction measures
Flood risk maps made with the purpose to be used for flood risk management strategies are appropriate
when they can support strategies and plans for the effective and efficient implementation of flood risk reduction measures, like dikes, storm barriers, and defense walls. It is significant in these assessments to address
the greatest risk for a specific area.

Land-use planning
Sustainable development of cities and regions can be steered by flood risk maps.
Allocation of land for development can be supported by maps which indicate the suitability for a specific landuse with respect to flood risk. These maps are normally used for city planning.

Emergency planning
Planning of evacuation routes, the accessibility of roads and the eventual needed closure of roads during a
certain flooding event can be indicated with flood risk maps. The planning of localized emergency response
is an important purpose by means of the maps.

Raising Public awareness
On local scale flood risk maps can be used to generate public awareness by depicting flood risk to people
where the vulnerability directly applies to them, so people get interested and get persuaded by the visualisations of the present or future flood risks.
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Insurance sector
Insurance assessments by insurance companies are executed to assess pricing and probable claims after
floods which might occur in the future. Return periods of events and probabilities are important information
for the insurance companies. Flood depth is an important hazard indication in this regard, because it provides
information on the magnitude of the damage.

For the Royal Haskoning Coastal Flooding Management Project and for this thesis land-use planning and
supporting of the design of flood risk reduction measures will be the main reasons for generating flood risk
maps. Lagos State’s rapid urbanization pace demands an assessment on coastal flood risks, in order to plan
sustainable development of the newly to build areas and the restructuring of the city.

2.1.3 – Important Role of DEMs in Flood Risk Assessments
Nowadays, risk inventories are conducted in order to support flood risk management policies. Despite the
rather technical approach of this thesis on DEMs, it is significant to realize that risk perception has no single,
replicable outcome because risk means different things to different people (Smith 2004). The degree of perceived risk varies greatly regarding location, occupation, gender, lifestyle etc. Every individual perceives risk
in a different way.

Flood hazards and risks can be assessed and evaluated in either a quantitative or a qualitative assessment
or a combination of both. There is no fully objective, value free approach to risk decisions. Often a coastal
flood risk assessments is a combination of quantitative methods to estimate the hazards, and qualitative
methods to value risk perceptions and risk acceptances valid for the specific study area.
According to Kates and Kasperson (1983), risk assessments consist of three steps which are in line with the
defined conceptual risk equation for the estimation of flood risk in this thesis:

1. The identification of hazards
2. The estimation of risks of such events
3. The evaluation of the social consequences of the derived risk

Translated to the conceptual risk equation the first dot of the above standing list is the step wherein the flood
hazards will be estimated by means of DEM usage in a GIS environment. Hereto the bathtub model is used to
estimate flood hazard indications like flood extent, inundation depth and flow velocity where appropriate. The
second and third dot are the steps contributing to the actual risk estimation. Whatever the objective of the assessment or the purpose of the flood risk is, the estimation of the flood hazard will always influence the entire
risk assessment as a constant. The hazard estimation forms the basis of the risk estimation, and propagates
through every step in the assessment as an undependable constant. Moreover, flood risk assessments are
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area dependant; the flooded areas are indicated by the DEM. Therefore DEMs play a very significant role
within the coastal flood risk approach applied in this thesis.

2.2 – Coastal Flooding Processes
Before the development of a coastal flooding (GIS) overlay model it is necessary to elaborate on the processes concerning coastal flooding, and to take the local conditions of the study area into account.

2.2.1 – Coastal zone
Defining the Coastal zone is of particular importance to Coastal (Flooding) Management. But the fuzziness of
borders due to the dynamic nature of the coast make it difficult to clearly define. Most simply the coast can be
thought of as an area of interaction between the land and the ocean. Ketchum (1972) defined the area as:

“The band of dry land and adjacent ocean space (water and submerged land) in which terrestrial processes
and land uses directly affect oceanic processes and uses, and vice versa.”

Issues arise with the diversity of features present on the coast and the spatial scales of the interacting systems. Coasts being dynamic in nature are influenced differently all around the world. Influences such as river
systems may reach far inland increasing the complexity and scale of the zone. These issues make it difficult
to clearly identify hinterlands and subscribe any subsequent management. Therefore it is necessary to describe carefully what defines the coastal zone for a particular coastal study.

The primary focus in coastal engineering and coastal flood risk assessments is the zone which is directly affected by the sea due to flooding. Coastal flooding can occur:

- Regularly, such as daily flooding of beaches
- Seasonally, such as depressions and storms
- Very occasionally, such as extreme storms or tropical hurricanes.

When you are estimating the area which can be flooded by the sea, a distinction should be made in coastal
zones with respect to:

1.

A present day coastal flooding zone; defined by the present day position of the coastline in combina-

tion with present day flood threats.
2.

A future coastal flooding zone; defined by long term processes such as erosion, sea level rise, chang17
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ing climates and so forth.

2.2.2 – Water levels
The most interesting coastal zone for coastal flood risk assessments is the future coastal flooding zone. Sea
level rise and climate change are relevant issues which can cause more and severe coastal floods in the
future. When the purpose of your flood risk management is to support landuse planning and the design of
prevention measures, the seasonal and very occasionally occurring future coastal floods are of interest. The
area (coastal zone) which is flooded by the projected sea levels can be estimated by the statistics of the water
levels. The water level of the sea can rise as a result of (Lansen 2010):

- Astronomic Influences: Tides. During spring tides, water levels can be exceptionally high
- Barometric influences: low pressure areas can increase the water level
- Wind set-up: during storms of high wind speed, the water level piles up at the coastline. In the
Netherlands, this can be in the order of a few meters, in Hurricane areas this can be up to 8 meters.
- Wave set-up: high waves also increase the water level.
- Surge overwash: In addition, especially very long waves can run on the beach profile impacting 		
structures with high forces. Especially along the Great Ocean Basins, this phenomenon is known to
induce damage to coastal structures.

Wave set-up
Wind set-up
Barometric influences
Astronomic influences

Figure 7: Influences which contribute to storm surge water levels

A storm surge is a rise above normal water level on the open coast due to the action of wind stress on the
water surface (US Army Corps of Engineers 2006). A storm surge in combination with high barometric, high
astronomic water levels and wave set-up can raise the sea water level enormously. The probabilities of the
occurrences of the higher water levels can be estimated in return periods by hydraulic modelling and monitoring of sea water levels. The projected water levels are location specific for different regions in the world and

LECZ

need to be estimated separately for each region due to different climatic, hydraulic and physical conditions.
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An estimation of the future water levels had been made for Lagos State as well, which will be discussed in
the chapter Methodology case study.

2.3 Coastal Flood Risk and GIS
2.3.1 – Necessary GIS input
In the previous subchapters it was explained which aspects are important to take along in coastal flood risk
assessments. From this aspects information can be abstracted which is relevant for usage in a GIS based
coastal flood risk assessment. The data used in a GIS environment is normally represented in vector data
or tessellations (Burrough & McDonnell 1998). Vector data is used to represent exact entities, while tessellations are used to represent continuous fields. For coastal flood risk assessments tessellations are mainly
used to represent the terrain elevation (DTM/ DEM). The necessary information layers can be divided into
spatial data/information and coastal engineering information.

Spatial Data input:
- Terrain Elevation (DEM).
- Socio-economic information layers
- Layer of mapped division of land and water

Coastal Engineering Information input:

x water levelsConsequences
-Probability
Water levels; the modeled
of return periods, estimated= water levels, orRisk
other
projections of future waterlevels.

In the figure below is visible how you can categorize the data and information input to the conceptual risk
Consequences of the Flood
Flood Risk
Flooding Probability
x
=
equation discussed previously in this chapter:

FLOOD HAZARD MAPS

FLOOD RISK MAPS

Flooding Probability

x
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Flood Risk
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Waterlevels
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Figure 8: Conceptual flood risk approach translated to data and information input for a GIS based coastal flood risk assessment
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DEM
Terrain elevation in digital GIS format is referred to as a Digital Elevation Model (Burrough & McDonell
1998):

“Digital Elevation Model; a quantitative model of a part of the earth’s surface elevation in digital form.”

The elevation of terrain is normally required to be represented as a continuous field of data; one would like
to know the elevation for each location of your area of interest. Continuous surfaces can be digitized into
sets of basic units (cells), or into irregular triangles or polygons (like Thiessen/ Dirichlet/ Voronoi procedures)
(Burrough & McDonnell 1998). The most used irregular triangle format in GIS is a TIN (Triangulated Irregular
Network). The main advantage of irregular triangles is the ability to support variable resolutions within the
dataset. The density of the polygons and triangles can be adjusted to the degree with which the terrain varies.
The advantage of regular grids is the ability to adapt and deal with dynamic change. Regular grids are also
preferred in models because it saves calculation time.
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Figure 9: Example of a GRID and a TIN

In this thesis the term DEM will be used to describe the elevation of the terrain. Sometimes
Digital Terrain Model (DTM) is used instead of DEM, because it is more correctly used to describe a set of
digital records related to terrain (Burrough & McDonnell 1998). DEMs can also contain unfiltered elevation
measurements (including elevation of vegetation and buildings). Such unfiltered DEMs are often defined as
Digital Surface Models (DSM). The used ASTER GDEM and SRTM DEM datasets are in fact DSMs, whereas
the used LiDAR DEM is a DTM. But to keep consistency in terms, the term/ abbreviation DEM will be used
throughout this thesis.

Socio-economic information layers
The data which can contribute to the vulnerability of population, objects or zones are mostly entity based. The
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data can be vector or raster with attributes. In a flood risk assessment the flood risk is attributed to the people
and communities affected, or the potential damage caused by the hazard. Typical types of location specific
socio economic information which is relevant for coastal flood risk assessments is population distribution, and
delineation of landuse, infrastructure, building, structures, assets etc.

2.3.2 - Data Properties
Resolution and accuracy of data are always important issues to take into account in any GIS assignment.
Also in coastal flood risk assessments this is one of the main considerations before executing GIS modeling
work. The assessment’s consists of at least two datasets (a DEM and a layer of socio-economic information), which will be used for the assessment in overlay analysis. This implies that you also have to deal with
the differences in resolution and accuracies between these datasets. In this thesis the data properties of the
socio economic information are not the main focus. However, because the focus of this thesis is on DEM, the
explanations concerning spatial resolution and accuracy will be mainly argued from a DEM point of view.

Spatial resolution
All original elevation data which has been used in this thesis has been sampled by remote sensing techniques. The density at which elevations are sampled during collection by a LiDAR, SAR or other remote sensing technique system is referred to as ground-sample distance (GSD) (NDEP 2004). The average point spacing of irregularly spaced mass points (from LIDAR for example) or of uniformly spaced grid points is referred
to as the horizontal resolution of the elevation model (USDA 2008). The irregularly spaced mass points can
be interpolated to a uniformly continuous grid, which can be used for the coastal flood risk assessments.

Accuracy
Within the field of DEMs, accuracy can refer to multiple error properties and statistics for the values of a
dataset (Aronoff 2005). Errors in elevation measurements can be attributed to sensor errors, interpolation
errors, processing errors etc., The description of accuracy can be divided in absolute accuracy and relative
accuracy, and vertical and horizontal accuracy.Estimates of absolute accuracy are made in reference to the
actual location of the feature on the ground (Aronoff 2005). Based on this definition, absolute accuracy is
said to reference ground truth. Relative accuracy states the accuracy of one theme relative to another theme.
Here one dataset is compared with another dataset, without considering a ground truth.
The absolute and relative accuracy normally should provide you information on which datasets had been
used, and which dataset had been considered as ground truth. The quantitative component of any accuracy
needs to be specified by the positional accuracy, which can be divided in a horizontal component (X and Y)
and a vertical component (Z-value).
Horizontal Accuracy refers to the horizontal difference between a test point on an image and the true location of a feature, whereas vertical Accuracy refers to the elevation difference between the test point and the
21
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ground truth (see figure 10).
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2.4 - Data Alignment
2.4.1 - Study objective of coastal flood risk assessments
Even though the methods used in this thesis are GIS based, the objective of the study or the required coastal
risk to be revealed should be the starting point of the entire study, instead of (GIS) data acquisition. The deLECZ

fined objective of the coastal flood risk assessment should be the guideline for the (GIS) data alignment. The

you can define prior to the assessment analysis (Lansen 2010):
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study area, the required risk to what or whom, and the used water levels are significant components which
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Study area / extent
Normally, the consultant can be commissioned for a coastal risk assessment to be applied on a defined area;
the study area. This can be defined by administrative boundaries like countries and provinces, or can be
defined by naturally related areas like watersheds and estuaries.

Risk to what or whom
Within this study the effect of the hazard should be assessed on the basis of a given unit. The unit is related
to the study objective; whether you want to assess the risk of the hazard at the population, at objects, at landuses etc.

Water levels
LECZ

The probabilities of coastal flooding can be depicted when the probabilities of storm surge and extreme water
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levels are known for return periods. Often water levels are used without assessed return periods, like LECZ,
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or a constant interval of water levels.

2.4.2 – Horizontal focusing scale
The defined required risk at what or whom in the study objective is essential in the process of data alignment.
The defined risk at what or whom determines what kind of socio-economic information you need for the assessment, and what the spatial entities of interest are for the assessment. These entities can be translated
to the horizontal focussing scale of the coastal flood risk assessment. In terms of data, this can be referred
to as the aggregation level of socio-economic data. An inventory was made in order to gain a notion of the
horizonal focusing scales used in past executed flood risk assessments around the world. Some example
coastal flood risk maps based on GIS methods are shown with different horizonal focusing scales and with
different risk indications.

1) Global studies; population living in LECZ
McGranahan conducted a study on the estimation of the world’s population living in Low Elevation Coastal
Zones (McGranahan et al. 2007). In this study he made an estimation of the population of the world living
in a 5 or 10 m. LECZ per country. This study was based on SRTM DEM data (CGIAR 2008), and GRUMP
population data (CIESIN 2005).

Figure 11: Flood risk maps of McGranahan’s study of 5 m. and 10m. LECZ for Bangladesh. Source: http://
sedac.ciesin.columbia.edu/gpw/lecz.jsp
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Figure 12: Flood risk maps of McGranahan’s study of 10m. LECZ for Vietnam and The Netherlands. Source:
http://sedac.ciesin.columbia.edu/gpw/lecz.jsp

- Horizontal focusing scale: country
- Extent: world
- Revealing risk at population
- Vertical focusing scale: 5 or 10 meter Low Elevation Coastal Zone

2) Country; Flood risk on damage costs in dike ring areas in the Netherlands
The flood prone areas in the Netherlands in this study are divided in so-called dike ring areas. These areas
are protected from flooding by a series of water defences like dunes and dikes. In this study the costs of damage were estimated on a coarse detail level when the dike ring areas are flooded (Jonkman et al. 2008).

Figure 13: Flood damage maps for all dike ring areas in the Netherlands. Unpublished image
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- Horizontal focusing scale: Dike ring areas
- Extent: Country
- Revealing risk at general economic valuable goods

3) Region; Damage costs for a dike ring area in the Netherlands due to flooding
Dike ring 14 is the most important dike ring in the Netherlands in terms of protected population and economic
value. In the same study as the previous horizontal focusing scale (Jonkman et al. 2008) an example is presented which simulated 2 dike breaches in dike ring 14 at Scheveningen and Ter Heijde (see figure 14). Here
a detail level had been applied with damage categories in city parts and urban land-uses.

Figure 14: Flood damage maps for a dike ring area in the Netherlands. Source image: (Jonkman et al. 2008)

- Horizontal focusing scale: Neighbourhoods/ City Parts
- Extent: Dike ring 14 in the Netherlands
- Revealing risk at economic valuable urban and rural categories

4) Local; Scheveningen Harbour
The Scheveningen Harbour area is more vulnerable to coastal flooding, because this area is just outside the
dike ring 14, which was also mentioned in the two previous horizontal focusing scales. Therefore a study had
been conducted which elaborated on potential damage due to probable occuring coastal floods in the future
(Jonkman et al. 2010), but on a higher detail level. Mapped buildings and structures were taken along as
seperate entities in the damage calculations (see figure 15).

25

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

Figure 15: Flood damage maps for Sceveningen Harbour. Source image: (Jonkman et al. 2010)

- Horizontal focusing scale: Buildings and Structures
- Extent: Scheveningen Harbour area
- Revealing risk on damage on building and structure level
- Vertical focusing scale: Storm surge water levels

From these examples with different focusing scales and study extents can be extracted that in coastal flood
risk assessment it is important to define the required risk on whom or what and the horizontal (and vertical)
scales where upon you want to base the assessment. The socio-economic information needs to be aligned
to the horizontal focusing scale of the assessment. These focusing scales also plays an important role with
regards to the DEM data alignment, because it can provide support in search for requirements for the DEM’s
resolution and accuracy.

2.4.3 - DEM alignment
In coastal flood risk assessments the objective is mostly to reveal the risk at a certain object, zone or population caused by a probable coastal hazard (risk on what or whom, mentioned in 2.4.1). When is defined which
spatial entity of interest and which risk is required, you can determine whether the aggregation level of spatial
data is suitable for the assessment. By examining and addressing the significance of the spatial entity at risk,
it is easier to search and select data suitable for the assessment. From the determination of the spatial entities of interest an approximate resolution can be derived for a suitable DEM dataset (Dark & Bram 2007). This
is needed for appropriate risk mapping for the particular spatial entities.

MAUP
The Modifiable Areal Unit Problem (MAUP) is an issue in the analysis of spatial data arranged in zones. In
many assessments the results will depend on the particular shape and size of the non-overlapping zones
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(spatial entities of interest) used in the spatial analysis. MAUP occurs when the statistics of the variables depict different results for specific locations for the different zones used. When the variables have no correlation
on an individual level, different zones can depict different location specific results with the same statistics applied. MAUP represents the sensitivity of analytical results to usage of data collection zones (Hay et al. 2001).
The non-overlapping zones can constitute MAUP by two related but distinct components; the scale problem
and the aggregation problem (Openshaw 1984):

The scale zoning effect is the tendency to have different (statistical) results from the same set of
data when the data is zoned in different varying sizes (different resolutions) of the zones.

The aggregation zoning effect is the tendency to have different (statistical) results from the same
set of data when the data is zoned differently by alternative aggregation schemes with equal
resolutions

This division constitutes the statistical problem of MAUP. The second problem of MAUP concerns a geographical problem; scientists often have problems with choosing the zones, because in many studies there is
uncertainty what actually defines the scale or the spatial entity of interest.
MAUP is a problem which emerged in human geography and demography in the 1930’s when zones were
depicting population results which were conflicting. More and more MAUP is recognized in other fields of
work like ecology and physical geography. At the end, MAUP is an issue which should be taken into account
in any study which contains spatial analysis (see figure 16, 17 and 18 for explanatory maps of an example).

Figure 16: Population distribution of Nigeria based on original data of Landscan population
dataset 2008 (ORNL 2008)
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Zoning: States of Nigeria

Zoning: Upper east, middle and upper western
states of Nigeria

Figure 17: Differences in statistical results for the spatial distribution and configuration of the population of Nigeria due to the
Scaling Effect of MAUP (mean value of the zones)

Zoning: Upper east, middle and upper western
states of Nigeria

Zoning: Upper northern, middle and upper
southern states of Nigeria

Figure 18: Differences in statistical results for the spatial distribution and configuration of the population of Nigeria due to the
Zoning Effect of MAUP (mean value of the zones)

MAUP, DEM and Coastal Flood Risk Assessments
In coastal flood risk assessments MAUP also needs to be considered, because MAUP occurs in remote
sensed DEM data, and in different spatial entities of interest (aggregation levels) applied on the socio-economic information layers. MAUP is adduced in this thesis for the purpose of provoking awareness of the
importance of the definition of your spatial entity of interest, which can form a basis for your data selection for
your coastal flood risk assessment.
Marceau (1992) was one of the first to demonstrate that remote sensed data itself represents a particular
case of MAUP. All the DEM datasets used in this thesis are remotely sensed DEMs (by satellite or aero
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plane), so need attention regarding the MAUP.
One of the particular components of a remote sensed raster datasets is the horizontal spatial resolution. The
horizontal spatial resolution of a raster dataset corresponds to the scale zoning effect of the MAUP (Dark &
Bram 2007). If the scale of observation is arbitrarily derived, as is the case with remote sensing imagery and
DEMs, the sampling size of the dataset (resolution) can be related to the aggregation zones of the DEM.
These zones are superimposed over the surface of the earth and assigned with values of the surface constituting for that zone area, which are based on mechanics of the sensor, algorithms of geo processing or
statistical calculations (see figure 19). This means that particular objects of the earth’s surface might not be
captured because they exist in different sizes, unlike the fixed resolution of the DEM Dataset.
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Figure 19: Scale zoning effect for a raster covering the same area, but with a different horizontal resolution

Required horizontal resolution for DEM
In general, a sensor of a satellite or LiDAR aeroplane device can “see” a spatial entity in three different situations (Hay 2001); where the spatial entities of interest are (see figure 20):

- smaller than the resolution of the dataset
- equal to the resolution of the dataset
- larger than the resolution of the dataset

These situations are commonly referred to as respectively high resolution datasets, medium resolution datasets and low resolution datasets. This suggests that the suitability of the resolution depends on the spatial
entity you are interested in.

MAUP also occurs in remote sensed DEMs when data is re-sampled. Due to mathematical combinations and
averaging of neighbouring raster cells for smoothing data, erroneous data and results can be created. This
effect corresponds also to the zoning effects of MAUP (Dark & Bram 2007) (see figure 19). In this thesis re29

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

sampling will be used at most for the LiDAR dataset, when data needs to be down sampled in size in order
to reduce processing time.
With respect to the previous, the resolution specified for a collection system should be less than the minimum
size of the spatial entities of interest to be detected. With high resolution datasets (entities of interest are
smaller than de resolution of the dataset on average) flood risk can be estimated more accurately. You will be
able to perform more specific statistical analysis on spatial entity level. In this regard, it is significant to define
your objective of the flood risk assessment deliberately with respect to the question which risks you want to
reveal for what areas, zones, objects, structures and so on.

Figure 20: The horizontal resolution can be smaller than, equal to or larger than the spatial entity of interest;
for example a house

Required vertical resolution for DEM
The ASTER GDEM and the SRTM DEM are integer DEM datasets in meters, which implies that the vertical
resolution of these DEMs is 1 meter. The required vertical resolution for a flood risk assessment can not be
derived in the same way as for the required horizontal resolution. The requirements for the vertical resolution
can be derived from the defined water levels for the assessment. As can be seen from the example projects
previous within this chapter, water levels can have different precision levels (e.g. 5 or 10 meter above sea
level for the LECZ project of McGranahan et al. (2007), and storm surge water levels of point meter values
above mean sea level for the Scheveningen Harbour project). Higher precision of the water levels requires
a higher vertical resolution of the DEM. Even though DEM datasets can be integer, these datasets can be
converted to decimal values through some geoprocessing steps. This will come back in the Methodology
Case Study. The horizontal resolution of the DEM dataset must be smaller than the defined spatial entities of
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interest (horizonzal focusing scale), and the vertical resolution of the DEM dataset should be smaller than the

Sea
Level
Rise

Storm
Surges

LECZ

projected water levels (vertical focusing scale). Schematically this is shown in figure 21.

Houses/
Structures

Neighbourhood/ City Scale

Province Scale/ Country Scale

Figure 21: Several horizontal focusing scales and vertical focusing scales which are commonly referred to in
coastal flood risk assessments

Vertical accuracy of DEMs
Until now only the required horizontal and vertical resolution is addressed in this DEM data alignment theory.
A very important aspect of the DEM properties, the vertical accuracy, has not been addressed yet with respect to DEM data alignment to a coastal flood risk assessment. The vertical accuracy of the DEM influences
LECZ

the sensitivity of the coastal flood risk assessment, because this determines whether a place under certain
Storm
Surges

water level projections will be inundated or not. A case study has been developed to test the sensitivity of
Sea
Level
Rise

coastal flood risk assessments to the two publicly available DEM datasets (ASTER GDEM and SRTM DEM)
against the LiDAR DEM, which is accepted as ground truth. The case study will be aligned to these two publicly available DEM datasets by means of the mentioned
Houses/
Structures

Neighbourhood/ City Scale

Province Scale/ Country Scale
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3 - Methodology Case Study
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3.1 - Input from Background Study
In this case study the sensitivity of coastal flood risk assessments to the usage of the publicly available DEM
datasets ASTER GDEM (METI & NASA 2009) and SRTM DEM (CGIAR 2008) will be assessed. From the
Methodology Development described in the previous chapter answers can be abstracted to the first and second research questions. The outcomes of these research questions form the input for the definitions of the
case studies described in this chapter.

Findings for the first research question 1 “Which factors of the phenomenon of coastal flooding can be taken
along as significant variables in a conceptual coastal flooding GIS model?”:

1) Coastline Determination
In order to perform accurate flood hazard mapping the coastline determination and the land/water division
should be defined and mapped in advance. For the case study in Lagos State this is of special significance
because of the complex structure of the Coastal Barrier Lagoon Complex. The inundation statistics only apply
for the mapped land area which is inundated by projected waterlevels, so this needs to be mapped according
to accuracy levels which are fitting the “theoretically” defined coastal zone.

2) Socio-economic information
The required risk on what or whom needs to be defined. This definition can guide you in your search for socioeconomic information layers which can be taken up in the GIS model.

3) Water levels
The statistics of the future, projected, water levels need to be modelled and provided by coastal engineers
(for instance return periods of storm surges). Otherwise scenarios can be used to expose the coastal land
zone with floods.

4) Aggregation level
The objective of a coastal flood risk assessment relates to the risk on what or whom. The definition of the required risk can be translated to a spatial entity of interest (e.g. perimeter of houses/structures, neighbourhood
areas, province boundaries, etc.). The spatial entity of interest can be seen as an aggregation level in terms
of data, where upon statistics can be applied which can serve the objective of the assessment.

Findings for the first research question 2 “What are indicators for the requirements for resolution and accuracy of DEM data of a coastal flood risk assessment that remains to be executed?”:
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1) The aggregation level
The aggregation level of the socio-economic layers can provide a grip for the requirements for the horizontal
resolution of the DEM dataset. The best would be to use a horizontal resolution for the datasets which is
smaller than the average size of the spatial entity of interest (aggregation level).

2) Water levels
The projected water levels which are going to be used in the assessment also provide a grip for the requirements for the vertical resolution and accuracy of the DEM dataset. The more precise the projected water
levels are (e.g. sea level rise) and when decimals meter values are used, the higher the vertical resolution
needs to be. The ASTER GDEM and SRTM DEM datasets are integer datasets in meters, which means that
the original datasets (vertical resolution is 1 meter) cannot be used for inundation modelling with water level
projections in decimal numbers of meters. Therefore decimal datasets need to be used, or the SRTM DEM
and ASTER GDEM need to be processed to a decimal dataset with a higher vertical resolution.

3.2 - Working Environment
For this case study a working environment is needed to process the spatial data. It is important that the developed working environment is according the present-day GIS standards and serving interoperability possibilities. Moreover, the working environment should be known by the discipline for which the applications are
meant; coastal engineers, land use planners etc.
The most suitable software package in that regard is ArcGIS from ESRI. ArcGIS is a widely used GIS package for the Microsoft Windows Platform, and is currently market leader in GIS software.
Since for this thesis there was an enormous amount of LiDAR elevation data available (split up in +/- 4500
tiles), automation tools were required to control and speed up the geoprocessing. There was especially
demand for repetition of operations. Python is a scripting language which can deal with geographical data
formats and operations developed by ESRI. Python is not specifically developed for ESRI products, but is
a multi purpose programming language, which was initially by Guido van Rossum (Python 2007). This language which supports ESRI software has extensively been used in this thesis to automate geoprocessing
and models. Later on in this chapter there will be elaborated on the used scipts for the particular steps in the
method.
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3.3 - Source Data
3.3.1 - DEM data
In this case study three different DEM datasets have been used; SRTM DEM (CGIAR 2008), ASTER GDEM
(METI & NASA 2010) and a LiDAR (Light Detection And Ranging) DEM. The three DEM datasets are all
remotely sensed datasets. However, the surveying techniques for the three DEMs are completely different.
In order to give an insight in the technique behind the survey, the techniques are briefly explained for each
DEM:

(1) SRTM DEM
The SRTM DEM (Shuttle Radar Topography Mission) has been generated by an Interferometric Synthetic
Aperture Radar technique. This radar technique is used in remote sensing. The Synthetic Aperture Radar
(SAR) technique makes use of an antenna mounted on a moving object (like a satellite or aeroplane) to beam
microwaves on the target scene. Multiple antennae can also be mounted on an array or scattered over an
area, all beaming the target. The essence is that the delay time of the echo waveforms received from the
antennae positions are going to be processed to determine the target’s position (x, y and z position). Two
SRTM antennae were mounted on the Endeavour Shuttle flew out for an 11-day mission in February 2000,
see figure x.

(2) ASTER GDEM
The ASTER GDEM has been generated with the Digital Image Correlation technique, which is an optical
method that employs tracking & image registration techniques for accurate 2D and 3D measurements of digital images. This technique makes use of two acquired optical images which are taken from different angles
on the same pass and is also a stereoscopic pair technique.
ASTER provides images in 15 different bands of the electromagnetic spectrum (from visible to thermal infrared light), and the images in the visible and near infrared bands were used to create the ASTER digital
elevation model. Compared to the SRTM DEM dataset, the ASTER GDEM dataset covers a larger part of the
globe; 99% of the globe’s surface for ASTER (80 °S to 80 °N) against 80% for SRTM (56 °S to 60 °N). Both
SRTM DEM and ASTER GDEM are referenced to the EGM96 vertical datum1.

(3) LiDAR DEM
LiDAR (Light Detection and Ranging) is an optical remote sensing technology. A LiDAR device (e.g. laser
altimetry) transmits light and receives the reflectance light in order to measure the distance to a target or
other information of a distant target. The distance from the sensor tot the target is determined by measuring
the time delay between transmission of a pulse and detection of the reflected signal. The LiDAR elevation
1

Check for more information: http://cddis.nasa.gov/926/egm96/egm96.html
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dataset had been flown for Lagos State in May 2009 with an average point density of 1 point per m2. The
dataset is split in a dataset where vegetation and buildings were filtered out and an unfiltered set, respectively representing the Digital Terrain Model (DTM) and the Digital Surface Model (DSM). The DTM data was
needed for the Coastal Flooding Management Study of Royal Haskoning, because for inundation modelling
terrain elevation is required.
The SRTM DEM and ASTER GDEM are downloadable in GeoTIFF format, and other GIS formats usable
in ArcGIS, in contrary to the LiDAR DEM for Lagos State. The geoprocessing steps which are necessary to
transfer the LiDAR data in usable data will be explained in subchapter 3.4. SRTM DEM and ASTER GDEM
first needed to be clipped for Lagos State and re-projected from WGS84 geographical coordinate system to
UTM zone 31N projected coordinate system, because the LiDAR dataset was provided in UTM zone 31N
projected coordinate system.
Dataset

Horizontal Resolution

SRTM DEM

90 m.

ASTER GDEM

30 m.

LiDAR interpolated grid

5 m.

Table 1: Resolutions of the original publicly available DEMs
and the interpolated LiDAR DEM grid

Figure 22: Original SRTM DEM for Lagos State extent (legend applies for figure 22 and 23)

Figure 23: Original ASTER GDEM for Lagos State extent (legend applies for figure 22 and 23)
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3.3.2 - Population Data
For all the assessments in this case study, population will be the socio-economic information source. This
implies that the flood risk estimations will be modelled on the population of Lagos State. As input the Landscan Population dataset (ORNL 2008) has been used. This dataset has a spatial resolution of 30 arc seconds
(1 kilometer or finer) in the geographical projection WGS84, and the values of the cells indicate how many
people are living in the area the cell is covering. It is the finest gridded population dataset, and the 2008 version of LandScan is together with the 2000 beta version of the Global Rural Urban Mapping Project (GRUMP)
(CIESIN 2005) are the most widely used globally covering publicly available population datasets. Because
the 2008 version of Landscan is the most recent generated dataset, the Landscan dataset had been chosen
to use in the case study.

Figure 24: Population distribution in Lagos State. According to Landscan population dataset (ORNL 2008)

3.4 - LIDAR Geoprocessing
The LiDAR elevation data was provided in tiles, in .TXT format (see figure 25). The first column is the x-coordinate of the measured elevation point and the second column is the y-coordinate of the measured elevation
point. For Lagos State the x and y coordinates of the LiDAR data had been referenced to the projected coordinate system UTM zone 31N . The third column is the terrain elevation, which is referenced to the EGM96
geoid (vertical datum). The fourth column is the intensity of the signal. Intensity is defined as the ratio of
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strength of reflected light to that of emitted light, and is influenced mainly by the reflectance of the reflecting
object. In this thesis the intensity was not used in further calculations, in order to safe time and work according
to time schedule of the thesis. In order to use the data for coastal flood risk assessments the source LiDAR
data needs to be geoprocessed to usable data formats in ArcGIS.

Figure 25: Snip of LiDAR elevation .txt file

3.4.1 - Tile compilation
The provided LiDAR elevation source data is split up in 4428 tiles. Each tile is 1km x 1km and contains +/400.000 measured points. Because the dataset is so extensive, merging of the data for entire Lagos State
was impossible. Geoprocessing needed to be performed per tile, which meant that batching of geoprocessing
tools was necessary.

Figure 26: Entire LiDAR elevation dataset for Lagos State consists of 4428 tiles

3.4.2 - Source LiDAR data to point cloud
The first step is to map the measured elevation points and convert the text file to a geodatabase shapefile.
The x and y coordinate are used to locate the measured points in the horizontal direction, and the third column is taken along as Z-value (the elevation of the terrain). This process had been automated by a python
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script (Appendix I). Through this conversion of the so-called point cloud mapping (2D and 3D) of the elevation
points was possible.

Figure 27: Orthophoto of a part of Lagos State

Figure 28: Mapped elevation points, from a .txt file to a shapefile
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3.4.3 - Point cloud to continuous surface
The point cloud now needs to be transferred to a grid, in order to have a continuous surface which can be
used for the assessment. To acquire a value for each cell interpolation methods are needed which can use
nearby points of the point cloud to assign a value for the grid point. There are various interpolation methods
like kriging techniques and Inverse Distance Weighing (IDW). For this thesis Inverse Distance Weighing had
been used for interpolation, because there was no need for the additional statistical components kriging offers for the purpose of coastal flood risk assessments. Moreover, IDW saved calculation time, which was very
welcome for the large amount of tiles.

IDW
The Inverse Distance Weighing interpolation technique makes a distinction in influence of the point cloud
points based on their distance to the grid cell point (the unknown point). The formula for IDW is (Chang
2008):

1
d ki
Z 0=
s
1
∑i=1 d k
i

∑i=1 Z i
s

Z0:

Estimated value for unknown point

d i:

Distance between point i and the unknown point

s:

Number of points used in interpolation

k:

Power

Equation 1: Inverse Distance Weighing

Z0 is the estimated value for the grid cell point (centroid of the the grid cell), which is the unknown point in the
equation. The further the point of the point cloud is located from the centroid, the less it weighs in the estimation of the cell value. K is the power and is a measure for the local influence (the larger the power, the higher
the local influence). For this thesis the power has been set to two.

Grid cell size as parameter
The grid cell size is an important parameter for the IDW-tool in ArcGIS. A grid cell size of 5 meter had been
chosen. This size had been chosen because this resolution is smaller than the average smallest size of the
smallest spatial entity of interest foreseen in this thesis, and especially in the Royal Haskoning project; a
house or building. Higher resolution could have been chosen, but the 5 meter resolution was a compromise
due to longer geoprocessing times to generate the grids and longer model runs in the overlay geoprocessing
for the actual case study when you apply higher resolutions.

Spatial extent of the tiles as environment setting
The spatial extent of each grid also became a significant parameter, because the grids have been generated
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per tile. The spatial extent of the point cloud per tile is not corresponding to the spatial extent of the tile (the
1km by 1km tile). The spatial extent of the point cloud is defined by the upper east, upper west, upper north
and upper south points’ coordinates. When this extent is applied the grids are not spatially complementing
each other, because gaps and overlaps can exist. Therefore the spatial extent of the corresponding tile of the
point cloud had been used as extent for the grid generation, which was defined in a shapefile. This process
had been automated by a python script as well (Appendix I).

Figure 29: Interpolated GRID with 5 m. resolution, converted from shapefile to ESRI GRID
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3.5 - Case Study set up
The required accuracy of the DEM data had not been addressed in the DEM data alignment. In this case
study the accuracy will play an important role. The sensitivity of the assessments will be tested by using the
two publicly available DEM datasets against the LiDAR DEM which is accepted as ground truth. By setting
up the case study the input from the Methodology Development (which can be seen as a theoretical background) has been used as directory for the development of the assessments in this case study. Flood risk
assessments can be performed on various horizontal and vertical scales (respectively aggregation levels and
water levels).

The objective of the case studies is to address the third and fourth research question:

Research question 3:
What are the effects of the used publicly available DEM datasets on the flood risk at different scale
levels of coastal flood risk assessments?

Research question 4:
Can trends be derived from the errors of the used DEMs and the results of the derived flood area
by the used DEMs?

3.5.1 - Two Study Scales
As can be red in the Background Theory, coastal flood risk assessments can be performed at different horizontal and vertical scale levels. In this case study two different assessments will be executed in order to address the third research question. The first case study will be Lagos State scale, and the second case study
will be Lagos City scale. These two case studies were chosen to test the sensitivity of two coastal flood risk
assessments to ASTER GDEM, SRTM DEM and LiDAR DEM with a difference in:

- Spatial extent (horizontal focussing scale)
- Water levels (vertical focussing scale)

The Spatial extent and aggregation level of the socio-economic information were chosen according to the
outcomes of the Background Study concerning to required horizontal and vertical resolution for the DEM
dataset. This means that for both case studies the aggregation level of the population dataset is larger than
the horizontal resolution of both publicly available DEM datasets, and that in both case studies the vertical
resolution of the DEM datasets suits to the water levels. A State’s scale and a City’s scale were used, since
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these horizontal scales are widely used for coastal flood risk assessments around the world with publicly
available DEM datasets. For the Lagos State horizontal scale the 5 m. LECZ is applied as water level (vertical focusing scale), and for Lagos City horizontal scale storm surge water levels have been applied as a real
life case. These water levels were chosen according to the trend in past coastal flood risk assessments that
large horizontal scaled assessments were applying coarser water levels (e.g. LECZ for countries) than small
LECZ

scaled horizontal scaled assessments (e.g. sea level rise or storm surge water levels projected on a city).

Lagos City

Sea
Level
Rise

Storm
Surges

Lagos State

Spatial extent (horizontal focussing scale)

Lagos State

Lagos City

Water levels (vertical focussing scale)

5 meter LECZ

Objective risk assessment

Risk estimation of people being affecting
Neighbourhood/
City Scale
Risk estimation of people
living in LECZ
during storm surges

DEM resolution of ASTER GDEM and SRTM DEM

Retaining original resolution

Data type of ASTER GDEM and SRTM DEM

Integer

Converted to Floating Points

Socio-economic Information

Landscan Population Distribution

Landscan Population Distribution

Socio-economic Information aggregation

Lagos Council District Areas

Lagos Council District Areas

Houses/
Structures

Storm surge return periods

Resampling to 5m resolution

Province Scale/ Country Scale

Table 2: Differences between the two case study scales

Sea
Level
Rise

Storm
Surges

LECZ

Lagos State Focusing Scales

Houses/
Structures

Neighbourhood/ City Scale

Province Scale/ Country Scale

Figure 30: The LECZ as vertical focusing scale and Lagos State extent as horizontal focusing scale for the case
study Lagos State
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Sea
Level
Rise

Storm
Surges

LECZ

Lagos City Focusing Scales

Houses/
Structures

Neighbourhood/ City Scale

Province Scale/ Country Scale

Figure 31: The storm surge water levels as vertical focusing scale and Lagos Council District Areas as horizontal
focusing scale for the case study Lagos City

3.5.2 - Integer and floating point grids of publicly available DEM datasets
For the case study Lagos City the globally covering datasets needed to be converted to a floating point GRID
Hazard area of the LCDA

with higher
resolution
of a TIN conversion (see figure 32).
Affected
Peopleby means
=
X The original globally covering DEM
Total Population of the LCDA

per LCDA

datasets are integer dataset with meter Total
as unit.
With
theLCDA
provided water levels for storm surges, there was a
area
of the
need for a higher vertical resolution of the DEM data, which was possible through a Raster to TIN conversion

GRID to TIN

TXT file on
elevation
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Process

Original DEM
Dataset
Storm
Surges

Input/Output
Data
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and a TIN to Raster conversion.

TXT to point-SHP

Parameters

TIN Dataset
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=

Original DEM
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Figure 32: Process of using TIN for creating higher vertical and higher horizontal resolution for DEM data
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GRID to TIN

3.5.3 - Flood hazard area and flood risk estimation

TIN Dataset
For both case studies flood hazard and flood risks will be estimated for the three
datasets.
The flood hazards
Point
Cloud SHP

(the inundated areas during a certain event or water level) will be modelled according to the bathtub principal
5 m. resolution
TIN to GRID
for both case study scales, meaning that the inundated areas through set up water levels have surface and

Con
o

hydraulic connectivity (see figure 33). The different flood extents by using the different DEMs (while using the
5 m.socio-economic
DEM
same
layers and applying the same water levels) will be important output for the comparison

analysis of both case study scales.

Water Level
Contours

Input grid DEM

Water Levels
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Areas lower than
Water Level

Areas lower than
Water Level

Reclassed grids

Raster to Polygon

Select

Features Overlap
with Open Water

Affected Peop
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Select by Location

Original
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Data
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Inundated
Areas

GRID to

Process

Parameters

TIN Dat

TIN to G

HYDRAULIC CONNECTIVITY

SURFACE CONNECTIVITY

5 m. D

Figure 33: Process of bathtub modelling

In terms of flood risk, the flood extent layers will be overlaid with an aggregated population dataset, which is
based on the zones of the Lagos Council District Areas (LCDA), which was provided by Lagos State Government. Through zonal statistics on the Landscan Population dataset, the sum of all values within the extent of
a LCDA could be assigned to the feature of that particular LCDA. The flood risk will be defined by the amount
of people which are affected in a certain area (e.g. Lagos State or Lagos City). This amount will be calculated
through the following equation:

Affected People
per LCDA

=

Hazard area of the LCDA

X

Total Population of the LCDA

Total area of the LCDA

Equation 2: Equation for calculation of amount of affected people due to flooding

Original DEM
Dataset
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This equation is based on the assumption that the people living in a LCDA are equally distributed throughout
the area of the LCDA. At the end, this thesis is not on flood risk, but on the differences various DEMs can
propagate through a flood risk assessment. In both case studies the aggregated population dataset is used
as a means to reveal the impact on flood risk, rather than the estimation of flood risk on the Lagos community
as accurate as possible.

Figure 34: Aggregated Landscan Population Dataset according to the boundaries of the Lagos Council District Areas

3.5.4 - Analysis of statistical elevation differences
The statistical elevation differences among the DEM datasets can be revealed by error statistics, because
the point cloud of the LiDAR DEM dataset could be used as ground truth. The differences in flood extents
and affected people (explained in the previous subchapter 3.5.3) can be supported by error measurements,
which can address the fourth research question: “Can trends be derived from the errors of the used DEMs
and the results of the derived flood area by the used DEMs?”. Error statistics are used to quantify the facets
of vertical accuracy of the DEM. The errors are calculated for each point by taking the difference of elevation
of the GRID and the true elevation of the point. In equation format this is the following:

errorcell = Z p − Z cell
Equation 3: Elevation error

Zp:
Zcell:

Elevation of ground truth
Elevation of model

The error statistics of the global public DEM datasets will be assessed by some functions. The first function,
the Root Mean Square Error, is a widely used measure of conformity between a set of estimates and the
actual values, and has become a standard measure of map accuracy (Fisher et al. 2006):

RMSE =

∑ (Z

p

− Z cell ) 2
n

Equation 4: Root Mean Square Error of elevation

RMSE:
Zp:
Zcell:
n:

Root Mean Square Error
Elevation of ground truth
Elevation of model
Sample size
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The mean error and standard deviation of the error are also necessary to know:

ME =

∑ (Z

− Z cell )

p

n

Equation 5: Mean error of elevation

SD =

∑ [(Z

p

− Z cell ) − ME

]

12

ME:
SD:
Zp:
Zcell:
n:

Mean error
Standard Deviation
Elevation of ground truth
Elevation of model
Sample size

n −1

Equation 6: Standard Deviation of elevation errors

RMSE provides general information on the error of the dataset. The mean error is also an important component for elevation accuracy assessments, because it gives an indication whether the dataset is under- or
overestimated in relation to ground truth. The standard deviation provides you with information on the spread
of the errors, which indicates to what extent there is a variety in the magnitude of the errors of the dataset.

3.6 - Lagos State scale

The Low Elevation Coastal Zone (LECZ) is the vertical focusing scale and Lagos State extent is the horizontal
focusing scale of this study scale (see figure 30). The usage of the LECZ is mainly used to determine relations between urbanization/ dwelling allocations and terrain elevation in lower lying areas in deltas. Rapidly
expanding, large and intermediate sizing cities in the coastal zones of developing countries face the linked
challenges of managing accelerated urban growth, maintaining ecosystems, preparing for climate hazards,
and adapting to climate change. It is mainly used as an indication of the population living in the LECZ areas
in deltas. The area of Lagos State which is located below 5 meter above mean sea level and the share of
population living in this zone will be measured for SRTM DEM, ASTER GDEM and the LiDAR dataset.

Because the entire LiDAR point cloud dataset is too extensive to be used, a subset of the dataset will be
used for the LECZ determination and the error calculations. Of the 4428 tiles a subset of strips was chosen to
handle calculation time and reduce memory space. The strips are north-south oriented because most elevation differences occur in north south direction (perpendicular to the coastline and the major lagoons) and the
strips have an equal distance of 20 kilometer in the from each other east-west direction (see figure 35).
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Figure 35: Strips in north- south direction with equal distance from each other were used for Case Study Lagos State

The affected people and the flood extent will be calculated for all the strips. This means that there are no estimations of the total extent of Lagos State, but because of the north-south direction of the strips themselves
and the equal distance in the east-west direction, a greater part of Lagos State’s terrain variety should be
covered.

For the statistical elevation errors the RMSE, ME and S were assessed for Lagos State in order to give an
impression for entire Lagos State. Of each tile in the nine strips 1000 ground truth points were randomly
selected to take along in the error calculations. Moreover, statistics and errors are measured for different
elevation zones, in order to obtain information on the accuracy of the datasets near the waterfront. The lower
elevation zones of the datasets (in this particular the zones next to the ocean or lagoon) are of special interest for coastal flood risk assessments. The interval will be 1 meter, in order to get error statistics for 0 – 1 m.,
1 – 2 m., 2 – 3 m. up to 9 – 10m. The ground truth zoning for the elevation zones will be based on the LiDAR
elevation GRID. This is not the defined ground truth for this thesis (that is the point cloud), but for geoprocessing of flood extent continuous fields are needed, and the LiDAR DEM GRID is the most accurate DEM
dataset to compare with.

3.7 - Lagos City scale

The second case study extent is allocated in one of the most densly populated parts of Lagos State (the area
around the only coastal inlet of Lagos State). This area seems to be most vulnerable in terms of probable
affected people due to coastal flooding. With storm surges used for the vertical focusing scale, and with the
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Lagos City and its Lagos Council District Areas as horizonatal focusing scales, both the vertical and horizontal focus have a smaller scale than Lagos State Study Extent (see figure 31).
Strong extra tropical storm surges can have a powerful influence on Lagos State. Storm surges can differ in
intensity and have a relation to a return interval. Storm surge height is directly related to the intensity of the
storm. The surge combined with the normal tide can increase the mean water level at that moment by over
4 meters. The storm intensity is also related to the frequency of storm surges. The returnperiods of storm
surges were also investigated for Lagos State by supervisor at Royal Haskoning, and he provided me with
this information for Lagos State’s coastal zone and lagoons. A difference in the water levels between the
lagoon side and sea side is mainly attributed by the wave set-up at sea (which is not present in the lagoon),
and the drainage surplus in the lagoon (which is not present at sea) (see table 3). See Appendix IV for further
explanation on the components of the water levels. Two different feature classes (a feature class covering
open water of the lagoon and a feature class covering open water of the sea) were used to perform the select
by location tool (see figure 36) seperately for the lagoon side and the sea side.
Return period

Without sea level rise

With sea level rise ( 1 m.)

Storm surge height in meters relative to Geopotential
model EGM96

1/100 yr Lagoon side

1.7 m.

1/200 yr Lagoon side

2.0 m.

1/100 yr Sea side

2.0 m.

1/200 yr Sea Side

2.5 m.

1/100 yr Lagoon side

2.7 m.

1/200 yr Lagoon side

3.0 m.

1/100 yr Sea side

3.0 m.

1/200 yr Sea side

3.6 m.

Table 3: Water levels used for the Case Study Lagos City

Lagoon Side

Sea Side

Figure 36: The lagoon side open water area and sea side open water area used for the case study
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Figure 37: Population density of case study extent Lagos City

LCDA

Total inhabitants

Total area LCDA in sq m.

Area clipped LCDA in sq m.

people per hectare

AJEROMI

251,947

7,815,363

7,815,363

322

AMUWO-ODOFIN

149,591

33,683,720

26,474,580

44

APAPA

125,566

21,613,440

21,613,440

58

APAPA-IGANMU

141,638

4,851,209

4,851,209

292

BARIGA

118,599

7,386,131

7,386,131

161

COKER/AGUDA

230,335

6,766,881

6,766,881

340

EGBE- IDIMU

275,425

18,330,769

2,993,690

150

EJIGBO

167,615

16,872,713

14,161,573

99

5,746

48,516,469

12,763,716

1

IFELODUN

181,865

4,708,166

4,708,166

386

IGANDO-IKOTUN

347,493

72,515,241

3,434,094

48

IKOYI /OBALENDE

116,321

14,137,871

14,137,871

82

73,662

9,668,912

2,373,754

76

IRU/VICTORIA ISLAND

293,694

11,400,085

11,400,085

258

ISOLO

399,557

20,216,389

20,216,389

198

55,135

3,823,374

3,823,374

144

KOSOFE

206,727

15,362,145

5,110,608

135

LAGOON

24,095

16,049,219

924,848

15

LAGOS ISLAND EAST

72,569

3,189,871

3,189,871

227

LAGOS MAINLAND

71,264

6,941,093

6,941,093

103

LAGOS- ISLAND

13,542

1,797,271

1,797,271

75

MUSHIN

410,400

11,559,802

11,559,802

355

ODI-OLOWO/OJUWOYE

107,886

5,450,654

5,450,654

198

ONIGBONGBO

368,566

16,127,029

221,380

229

ORIADE

240,824

59,156,646

19,440,200

41

OSHODI

350,285

7,084,698

2,303,956

494

ETI-OSA

INTERNATIONAL AIRPORT

ITIRE-IKATE

SHOMOLU

70,754

2,810,594

2,810,594

252

SURULERE

154,166

10,088,633

10,088,633

153

60,627

10,396,657

10,396,657

58

YABA

Table 4: Population and area numbers for the LCDA’s of Lagos City extent
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SRTM DEM, ASTER GDEM and the interpolated LiDAR DEM will be reclassified according to the water
levels defined in above standing table 3, and will be overlaid with the Lagos Council District Area dataset provided by Lagos State Government. For Lagos City scale a zoom in is made on the city of Lagos, and instead
of Lagos State, the affected people will be calculated and depicted for Lagos City and the LCDA’s
(aggregation level) (see figure 37 and table 4) . For Case Study scale Lagos City the same analysis of statistical elevation differences were applied, knowing that the ASTER GDEM and SRTM DEM in this case study
were converted to a higher resolution with floating point values. For the error statistics, also the errors with
regards to the original datasets of the publicly available DEM datasets were calculated. The orginal publicly
available DEM datasets can not be used for the risk estimation by storm surge water levels. This is because
the water levels were given in decimal meters, whereas the values of the original publicly DEM datasets are
integers in meters.
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4 - Results Case Study
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4.1 - Case Study Lagos State scale
4.1.1 - LECZ area and people living in LECZ; total coverage Lagos State
For Lagos State the calculations of the LECZ area and the people who are living in the LECZ were executed
for the 9 strips distributed across Lagos State. The amount of LiDAR data was the inhibiting factor why the
case study for Lagos State scale could not be assessed for the entire dataset. For SRTM DEM and ASTER
GDEM it was rather easy and fast to run the model which provides information on the 5 m. LECZ area and the
people living there, which covers entire Lagos State (see figure 38 and 39). In Lagos State 33,794 hectares
will be LECZ and 779,281 inhabitants will live there when the LECZ is simulated with ASTER GDEM. When
you use SRTM DEM for the simulation, 43,075 hectares will LECZ and 1,616,917 inhabitants will be living
there. The SRTM DEM estimates 27% more LECZ area than the ASTER GDEM, and SRTM DEM estimates
107% more people to live there than ASTER GDEM for Lagos State extent. The large difference between the
difference in LECZ area and inhabitants between the two datasets can be attributed to the configuration of
the aggregated Landscan population dataset. According to SRTM DEM, the LECZ areas

area flooded in sq m.
ASTER GDEM

337,939,832

affected people
779,281

Figure 38: Area of the 5 meter LECZ estimated with ASTER GDEM

area flooded in sq m.
SRTM DEM

430,748,422

affected people
1,616,917

Figure 39: Area of the 5 meter LECZ estimated with SRTM DEM
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are mainly along the Lagoon, which are the areas of the highest population densities (see figure 34). It is
clearly visible that SRTM DEM generally indicates the areas along the lagoon as 5m. LECZ, while ASTER
GDEM roughly indicates the coastal zone (sea side) as LECZ.

Figure 34: Aggregated Landscan Population Dataset according to the boundaries of the Lagos Council District Areas

4.1.2 - LECZ area and people living in LECZ; comparison with LiDAR DEM
When you take a total coverage of Lagos State into account, comparisons can not be made with the LiDAR
elevation dataset, while this elevation dataset is accepted as ground truth. In order to compare the LECZ
areas and the amount of inhabitants living there for the SRTM DEM, the ASTER GDEM and the LiDAR DEM,
only the extents of the 9 strips should be used for the purpose of comparing. The results of the LECZ areas
are visible in figure 40,41 and 42. The results are also set out in table 5 and figure 44 and 45. Figure 43 provides more detail on the LECZ areas and their distribution for strip 4707. The rest of the strips’ LECZ area
distributions is visible in Appendix II.
People living in LECZ
LiDAR DEM

LECZ area in sq m.

105,553

78,095,118

ASTER GDEM

13,246

11,855,514

SRTM DEM

49,978

19,690,838

% of people living in LECZ compared to
LiDAR DEM

% of LECZ area compared to LiDAR DEM

13
47

15
25

Table 5: Numbers and percentages of the LECZ area and the people living in the LECZ

For all the strips together, ASTER GDEM estimates 1185 hectares to be located in the 5 meter LECZ, which
is 15% of the area located in the 5 meter LECZ estimated by the LiDAR DEM. Further, ASTER GDEM estimates 13,246 people living in the 5 meter LECZ, against an estimation of 105,553 people living in the LECZ
according to the LIDAR DEM. For the estimation of people living in the LECZ, this means a factor of almost
7,7 between the two DEM datasets.
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5307
5507

5707

5907

6107
6307

4907
4707

5107

Figure 40: Area of the 5 meter LECZ estimated for the strips with LiDAR DEM

5307
5507

5707

5907

6107
6307

4907
4707

5107

Figure 41: Area of the 5 meter LECZ estimated for the strips with SRTM DEM

5307
5507

5707

5907

6107
6307

4907
4707

5107

Figure 42: Area of the 5 meter LECZ estimated for the strips with ASTER GDEM
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4707

4707

Elevation for strip 4707

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Figure 43: Elevation and LECZ area distribution for strip 4707
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Inundated area

4707

5 m. LECZ for strip 4707
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The differences between the SRTM DEM and the LiDAR DEM are slightly lower. The LECZ area estimated
by SRTM DEM strips consists of 27% of the LECZ area estimated by the LiDAR DEM strips. The difference in
estimated people living in the LECZ is even lower for the SRTM DEM, with a percentage of 47% compared to
the LIDAR DEM. The smaller difference of the estimated people living in the LECZ for SRTM DEM (difference
between SRTM DEM AND LiDAR DEM; 47%) compared to the difference of the estimated people living in the
LECZ for ASTER GDEM (difference between ASTER GDEM and LiDAR; 13%), can again be attributed to the
configuration of the aggregated Landscan population dataset and the difference in LECZ location wise; the
SRTM DEM LECZ extent covers a larger share of the Lagoon areas, which are more densely populated.

90,000,000
80,000,000
70,000,000
60,000,000
50,000,000

area LECZ in sq m.

40,000,000
30,000,000
20,000,000
10,000,000
0
LiDAR DEM

ASTER GDEM

SRTM DEM

Figure 44: Columns showing the difference of the LECZ area in Lagos State for the three used DEMs
people living in LECZ
120,000
100,000
80,000
60,000

people living in LECZ

40,000
20,000
0
LiDAR DEM

ASTER GDEM

SRTM DEM

Figure 45: Columns showing the difference of the amount of people living in the LECZ of Lagos State for the
three used DEMs
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4.1.3 - Elevation Statistics Lagos State scale
For the LiDAR DEM, ASTER GDEM and the SRTM DEM the elevation statistical components Mean Error
(ME), Root Mean Square Error (RMSE) and the Standard Deviation (SD) of the elevation errors are set out
per strip and on average in respectively table 6, 7 and 8.

Errors LiDAR DEM
The mean error of the 5 meter resolution interpolated grid of the LiDAR DEM is for almost every strip and on
average 0. This means that the interpolated DEM dataset is not under- or overestimating the elevation. The
root mean square error is 0.10 meters, which indicates that there are certainly errors. The standard deviation of the LiDAR DEM grid is also 0.10, which means that there is some spread of the errors. Proportionally
these error statistics are low. In fact the interpolated grid can not be seen as ground truth, but for the purpose
of comparing with the publicly available DEM datasets, and knowing that the errors are very small, it might
be considered acceptable to adopt the LiDAR DEM grid as ground truth for the area comparisons and risk
estimations for the population.

Errors ASTER GDEM and SRTM DEM
1) The mean error of the 30 meter resolution ASER GDEM grid is -5.25 meters, which means that the ASTER
GDEM dataset is overestimated in terms of elevation. The root mean square error is 11.25 meters and the
standard deviation 9.44 meters. Thus, the spread of the errors is large, as the root mean square error. Especially when you look from the perspective of this case study, while taking into account the largest vertical
focusing scale defined in this case study (the 5 m. LECZ), it turns out that all the statistical error components
are larger than the defined range of the LECZ (0 – 5 meters above mean sea level).
The SRTM DEM has a standard deviation and a RMSE which are at least twice as small as ASTER GDEM’s
(see table 46). Meanwhile, the SRTM DEM is also overestimated, with a mean error of -4.17 meters. In this
regard, SRTM DEM turns out to be statistically more accurate for Lagos State extent for all accuracy components than ASTER GDEM.
14
12
10
8

Meters

6

ME

4

RMSE

2

SD

0

TM
M

EM

GD

M

DE

DE

R
TE

AR

-6

SR

AS

LiD

-2
-4

-8

Figure 46: Colums showing the elevation error statistics for the three used DEMs for Lagos State extent
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Elevation statistics for the elevation zones
When you look at the error statistics categorized per 1 meter interval elevation zone, you can see that the
magnitude of the error statistics for most elevation zones is larger for ASTER GDEM than for SRTM DEM
(see figure 48 and table 9).
For SRTM the RMSE, SD and ME are larger for the lower elevation zones; the higher the elevation zones
get, the lower the RMSE, SD and ME get. For example, ME is -6.95 m. for zone -∞ - 0 m., -5.43 m. for zone
0 – 1 m. and does not get smaller than -5 m. for the rest of the zones. The RMSE of SRTM does not get larger
than 5 m. in the elevation zones higher than the interval 1 – 2 m. This means that the accuracy is lower for
the lower elevation zones.
Further, when you take the negative values of the ME of SRTM DEM absolute, it seems that those values
are comparable with the RMSE for SRTM DEM, which means that a large part of the errors is overestimated
(while looking at the SD which for most zones is lower than the ME and RMSE).
For ASTER GDEM the RMSE is larger for each zone than SRTM DEM. The ME of ASTER GDEM gets slightly
smaller (less overestimation), although the RMSE and SD of ASTER GDEM are getting larger for the higher
elevation zones. This means that there is on average less overestimation for the higher elevation zones, but
the magnitude and spread of the errors are getting larger for the higher elevation zones. In this case the large
RMSE and SD indicate that the ASTER GDEM is still inaccurate, although the ME gets smaller.
LiDAR DEM
Elevation classes
in meters
-∞ - 0

ME

SD

ASTER GDEM
RMSE

ME

SD

SRTM DEM
RMSE

ME

SD

RMSE

0.01

0.09

0.06

-8.88

6.20

8.88

-6.95

5.22

6.96

0-1

-0.00

0.08

0.05

-9.34

9.22

9.34

-5.43

4.79

5.52

1-2

0.00

0.10

0.06

-7.88

9.09

7.91

-4.89

4.21

5.01

2-3

0.00

0.10

0.06

-6.86

8.27

6.98

-4.27

3.37

4.34

3-4

0.00

0.10

0.06

-5.82

10.38

6.22

-3.89

3.30

4.01

4-5

-0.00

0.09

0.05

-2.88

6.41

4.17

-3.70

3.37

3.88

5-6

0.00

0.10

0.07

-3.97

6.52

5.04

-3.98

3.33

4.08

6-7

-0.00

0.11

0.07

-2.61

7.21

4.57

-2.99

2.33

3.10

7-8

-0.00

0.14

0.08

-3.80

9.32

5.44

-3.49

3.07

3.67

8-9

0.00

0.15

0.10

-6.15

15.03

8.83

-4.47

3.88

4.81

9 - 10

0.01

0.15

0.10

-6.11

19.82

10.83

-4.02

4.13

4.53

10 - ∞

-0.00

0.14

0.08

-0.70

20.85

16.79

-2.55

3.00

3.02

Table 9: error statistics on elevation zones for the three used DEMs for Lagos State extent
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LiDAR DEM
tile selections

number of tiles

ME

RMSE

SD

4707

11

0.01

0.10

0.10

4907

14

-0.00

0.08

0.08

5107

12

-0.00

0.07

0.07

5307

34

-0.00

0.11

0.11

5507

30

0.00

0.11

0.11

5707

30

0.00

0.11

0.11

5907

28

-0.00

0.10

0.10

6107

29

-0.00

0.13

0.13

6307

10

-0.00

0.05

0.05

0.00

0.10

0.10

Average

Table 6: LiDAR DEM error statistics for Lagos State extent
ASTER GDEM
tile selections

number of tiles

4707

11

4907
5107

ME

RMSE

SD

-2.15

4.50

3.95

14

-3.67

9.68

8.95

12

-7.04

9.45

6.31

5307

34

-11.05

23.42

20.65

5507

30

-9.71

14.22

10.40

5707

30

-7.36

14.93

12.99

5907

28

-5.92

7.69

4.91

6107

29

1.55

13.18

13.09

6307

10

-1.92

4.19

3.73

-5.25

11.25

9.44

Average

Table 7: ASTER GDEM error statistics for Lagos State extent
SRTM DEM
tile selections

number of tiles

ME

RMSE

11

4907

14

-4.21

5.27

3.17

5107

12

-4.05

4.92

2.79

5307

34

-2.33

3.31

2.36

5507

30

-3.24

4.23

2.71

5707

30

-4.99

6.49

4.14

5907

28

-8.15

9.77

5.39

6107

29

-4.44

6.00

4.04

6307

10

-3.18

4.56

3.27

-4.17

5.40

3.40

Average

-2.93

SD

4707

4.02

2.76

Table 8: SRTM DEM error statistics for Lagos State extent
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RMSE SRTM

SD SRTM

ME SRTM

RMSE ASTER

SD ASTER

9 - 10

10 - ∞

ME ASTER
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ME SRTM
SD SRTM

-∞ - 0

0-1

1-2

2-3

RMSE SRTM

4-5

RMSE ASTER

3-4

SD ASTER

Elevation Classes

ME ASTER

5-6

6-7

7-8

8-9

10 - ∞

25

20

15

10

5

0

-5

-10

-15

Elevation Statistics in meters

Figure 48: Elevation error statistics for ASTER GDEM and SRTM DEM plotted per elevation zone.
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10 - ∞ m.
9 - 1o m.
8 - 9 m.
7 - 8 m.
6 - 7 m.
5 - 6 m.
4 - 5 m.
3 - 4 m.
2 - 3 m.
1 - 2 m.
0 - 1 m.
-∞ - 0 m.

Model

Ground Truth

Absolute Vertical Accu
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4.2 - Case Study Lagos City scale
4.2.1 – Area flooded and affected people
For this case study, the estimated storm surge water levels which are categorized in return periods, were
also split up in Lagoon side water levels and Sea side water levels. The estimations on flooded area and on
affected people according to the ASTER GDEM, the SRTM DEM and the LiDAR DEM are presented in table
10. The simulations of the floods for the four water levels for the Lagoon side and the four water levels for
the Sea side are partly presented in this chapter, and partly presented in Appendix III. The flood maps for the
1/200 storm surge return period with sea level rise for both the Lagoon and the Sea side are presented in this
chapter, (see figure 55 and 56), whereas the rest of the scenarios is presented in the Appendix III.

Quantitatively the estimations on the flooded areas and the number of affected people for the two publicly
available DEM datasets and the LiDAR DEM are presented in table 10 and 12. For the Lagoon side both
SRTM DEM and ASTER DEM estimate less area flooded and less affected people for the both return periods
( and with and without sea level rise)(see figure 49 and 50). For the Lagoon side SRTM DEM estimates more
flooded area and more affected people than the ASTER GDEM for all water levels applied. The SRTM DEM
estimations on flood areas and affected people compared to the LiDAR DEM’s estimations have the highest
ratios for the highest water level (1/200 yr with sea level rise; 3.0 m.) with 27% and 23% for respectively the
flood areas and the affected people, whereas the ASTER GDEM estimations on flood areas and affected
people compared to the LiDAR DEM’s estimations have the highest ratio for the lowest water level (1/100 yr
no sea level rise; 1.7 m.) with 9% and 7% for respectively the flood areas and the affected people. This is a
remarkable difference (see table 11 and figure 53). This can be attributed to the observation that for all water
levels the Lagoon side is barely estimated to be flooded by ASTER GDEM. Meanwhile the LiDAR DEM estimations for flooded areas in the Lagoon get significantly larger with higher water levels.

projected water
return periods

level above mean

sea level rise

sea level
Lagoon side

Sea side

1/100 yr

1.7 m

1/200 yr

2.0 m

1/100 yr

2.7 m

1/200 yr

3.0 m

1/100 yr

2.0 m

1/200 yr

2.5 m

1/100 yr

3.0 m

1/200 yr

3.6 m

Without

With (1 m)

Without

With (1 m)

flooded area

affected people

flooded area

affected people

flooded area

affected people

LiDAR in sq m.

LiDAR

ASTER in sq m.

ASTER

SRTM in sq m.

SRTM

47,568,565

488,521

4,494,478

32,824

7,581,833

52,657

59,622,787

634,448

5,639,368

38,772

12,791,739

107,380

94,974,256

1,084,874

6,444,753

43,752

18,756,650

167,756

112,254,068

1,317,039

9,425,499

58,885

30,148,776

303,824

862,040

13,666

5,426,825

38,878

787,481

4,836

1,223,930

17,425

5,848,932

42,142

1,002,382

6,233

25,166,245

224,404

8,245,460

59,654

1,597,525

14,658

36,198,720

340,348

9,038,391

65,949

2,076,603

19,018

Table 10: Estimated flooded areas and affected people for all returnperiods and all DEMs used
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Projected water
returnperiod

level above mean

sea level rise

sea level
Lagoon side

Sea side

1/100 yr

1.7 m

1/200 yr

2.0 m

1/100 yr

2.7 m

1/200 yr

3.0 m

1/100 yr

2.0 m

1/200 yr

2.5 m

1/100 yr

3.0 m

1/200 yr

3.6 m

Without

With (1 m.)

Without

With (1 m.)

% area flooded

% area flooded

% affected people

% affected people

ASTER compared

SRTM compared

ASTER compared to

SRTM compared to

to LiDAR

to LiDAR

LiDAR

LiDAR

9

16

7

11

9

21

6

17

7

20

4

15

8

27

4

23

630

91

284

35

478

82

242

36

33

6

27

7

25

6

19

6

Table 11: Percentages of ASTER GDEM and SRTM DEM of flooded areas and affected people compared to LiDAR DEM
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Figure 49: Flooded area estimated by ASTER, SRTM and LiDAR for Lagos City Lagoon Side
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Figure 50: Number of affected people estimated by ASTER, SRTM and LiDAR for Lagos City Lagoon Side
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For the Sea Side the ASTER GDEM largely overestimates the flooded area and the affected people for the
1/100 year and 1/200 year return period without sea level rise (2.0 m. and 2.5 m.) with percentages in a range
of 242% to 630% compared to the LiDAR DEM estimations (see table 11 and figure 54). This observation had
also been made in the Case Study of Lagos State extent. The coastal zones (Sea side) are estimated to be
flooded for a relatively larger part than the Lagoon, compared to SRTM DEM and LiDAR DEM. For the Sea
side the ASTERG DEM estimates closer to the LiDAR DEM estimations for the higher water levels (1/100 and
1/200 with sea level rise) than SRTM DEM does (see figure 51 and 52). These are the only two scenarios
where ASTER GDEM is assessing better results for the flooded areas and the affected people than the SRTM
DEM. For the 6 other scenarios the SRTM DEM assesses better results than ASTER GDEM.
For the Sea side the SRTM DEM estimations for the flooded areas and affected people consist of remarkable
higher percentages (compared to estimations by LiDAR DEM) for the lower water levels (1/100 and 1/200 yr.
without sea level rise; 2.0 m. and 2.5 m.) than for the higher water levels (see figure 54).
For further detail, all estimations are also categorized per LCDA in Lagos City, and set out in tables at the
corresponding figures of the storm surge periods (like figures 55 and 56 and Appendix III). Huge differences
can be observed for the estimated flooded areas and affected people in the separate LCDA’s between the
three used DEMs. However, these differences are not taken along in the results, but are only functioning to
emphasize the differences in hazard and risk when you look at a smaller scale or more aggregated level than
Lagos City extent.
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Figure 51: Flooded area estimated by ASTER, SRTM and LiDAR for Lagos City Sea Side
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Figure 52: Number of affected people estimated by ASTER, SRTM and LiDAR for Lagos City Sea Side
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Figure 53: Percentage of estimation of flooded area and number of affected people by ASTER and SRTM compared to LiDAR
estimations for Lagos City Lagoon Side
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Figure 54: Percentage of estimation of flooded area and number of affected people by ASTER and SRTM compared to LiDAR
estimations for Lagos City Sea Side
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Figure 55: Flood area distribution maps based on the three used DEMs for 1/200 year storm surge, with SLR, for lagoon side
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Figure 56: Flood area distribution maps based on the three used DEMs for 1/200 year storm surge, with SLR, for sea side
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4.2.2 – Elevation Statistics for Lagos City scale
In order to be able to use ASTER GDEM and SRTM DEM for this case study with decimal meter water levels,
both DEM datasets needed to be converted to a higher vertical and horizontal resolution by means of a “raster to TIN” conversion and a “TIN to raster” conversion (see figure 32). This process created a new input data
with a horizontal resolution same as the LiDAR DEM grid (5 m.) which could be used for the coastal flood risk
assessment of the Lagos City case study extent. The same error statistics were applied on Lagos City, on
both the original globally DEM dataset and the converted one, which are only valid for Lagos City extent.

For most elevation error statistics the values are quite the same for the original DEM dataset and the converted DEM dataset (see figure 57 to 62). The difference of the standard deviation of the elevation error between
the original and converted SRTM DEM is the largest deviation compared to the other comparisons made.
However, the SD for the 5 m. SRTM DEM grid gets smaller with at least 20 cm. for each elevation zone, which
can be considered as a positive effect on the errors of the grid, because the spread of the errors get smaller.
For the rest, there are not significant differences observable for the other statistical error comparisons of the
original DEM datasets and the converted DEM datasets.
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5 - Conclusion and Discussion
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5.1 - Conclusions
In this subchapter the results are summarized in such a way they can address the research questions of
this thesis. In this subchapter the third and fourth research question will be addressed first because those
research questions are on the case study. The case study was executed to support the overall objective of
this thesis:

“Assessing the effects of usage of different publicly available DEM datasets on the flood risk results of coastal
flood risk assessments.”

At the end of this subchapter the first and the second research question are addressed, which were addressed in the background theory. The purpose was to extract the significant components of coastal flood risk
assessments which could be taken along in a GIS approach with appropriate use of GIS data, and to design
a case study for this thesis.

5.1.1 – Conclusions Case Study
The case study was done with the purpose to find answers to the third and fourth research question: (3)
“What are the effects of the used publicly available DEM datasets on the flood risk at different scale levels of
coastal flood risk assessments?” and (4) “Can trends be derived from the errors of the used DEMs and the
results of the derived flood area by the used DEMs?”.
In the case study Lagos City and Lagos State were used as the two different scales for the assessment, and
will first be discussed separately.

Lagos State scale; Effects on LECZ area and the number of people living in LECZ
For Lagos State the effects have been expressed with the difference in LECZ area and the number of people
living in the Low Elevation Coastal Zone for SRTM DEM, ASTER GDEM and the LiDAR DEM (ground truth).
The results are shown in table 12:

People living in LECZ

LECZ area in sq m.

105,553

78,095,118

ASTER GDEM

13,246

11,855,514

SRTM DEM

49,978

19,690,838

LiDAR DEM

% of people living in LECZ compared to
LiDAR DEM

% of LECZ area compared to LiDAR DEM

13
47

15
25

Table 12: Numbers and percentages of the LECZ area and the people living in the LECZ
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For the flood areas SRTM DEM shows better results with a percentage of 25% compared to the LiDAR DEM,
whereas the ASTER GDEM has a result of 15%. Thus, in terms of flood hazard areas SRTM DEM is more
accurate than ASTER GDEM. For the flood risk (hazard including the consequences of the flood), the SRTM
DEM has again better results than ASTER GDEM, and even more accurate results than for the hazard estimation by SRTM DEM. The estimated number of people living in LECZ of Lagos State by SRTM DEM consists of 47% of the estimated number of people living in a LECZ by LiDAR DEM. Meanwhile, ASTER GDEM
estimates 13% for the risk estimation, which is even lower than the hazard estimation of ASTER GDEM. This
difference can be attributed to the different location-specific distributions of the LECZ areas (hazard areas).
ASTERGDEM indicates a greater share of the coastal zone as LECZ, whereas the SRTM DEM indicates a
larger share of the lagoon areas as LECZ. Due to the population distribution the aggregated Landscan population dataset, which gives higher densities in the lagoon areas, SRTM DEM estimates a larger number of
people to live in the LECZ (risk).

Lagos State scale; Effects on elevation Statistics
Although the horizontal resolution of ASTER GDEM (30 m.) is three times smaller (three times higher horizontal resolution) than SRTM DEM (90 m.), all elevation error statistics calculated for the strips across the Lagos
State case study extent are larger for ASTER GDEM than for SRTM DEM (see figure 63).
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Figure 63: The magnitude of the error statistics is a relative inverse of the magnitude of the estimated hazards and risks
because ASTER GDEM and SRTM DEM are overestimated

Relatively seen, the magnitude of the error statistical results show an inverse compared to the hazard and
risk estimations (see figure 63), which can be attributed to the overestimation of both ASTER GDEM and
SRTM DEM. The larger the statistical errors are (only valid for negative mean errors), the more an underestimation of the hazard and risks is assessed. In general the conclusion can be drawn that ASTER GDEM and
SRTM DEM are overestimating the elevation, which results in an underestimation of the hazards and risks
coming from the sea, while looking at the horizontal focusing scale of Lagos State and the vertical focusing
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scale of the 5 m. LECZ.
The error statistical results for the 1 meter interval elevation zones for the range of 0 to 10 meters show
comparable results with the overall statistical results; the magnitude of the error statistics for most elevation
zones is larger for ASTER GDEM than for SRTM DEM. SRTM DEM has slightly larger error statistics for ME,
RMSE and SD for the lower elevation zones (0 to 2 m.) which means that the SRTM DEM is less accurate
for those lower elevation zones than for the higher ones. ASTER GDEM shows smaller MEs for the higher
elevation zones, but on the other hand shows larger SDs and RMSEs for the same higher elevation zones,
which means that there is on average less overestimation but still a large inaccuracy for the higher elevation
zones.

Lagos City scale: Effects on flooded area and affected people
For Lagos City the storm surge water levels which were used for the indication of the hazard areas were
split up in water levels for the lagoon and water levels for the sea side. This separation resulted in relatively
large differences between the lagoon side and the sea side (see table 13). For the lagoon side the ASTER
GDEM shows results for all four water levels which do not rise above 9% for the estimated flooded area
(hazard estimation) and 7% for the estimated affected people (risk estimation) compared to the estimations
of the LiDAR DEM. ASTER GDEM is most accurate for the lower water levels. SRTM DEM provides better
results than ASTER GDEM for all water levels applied for the lagoon side. The highest water levels give the
best results with 27% for the estimated flooded area and 23% for the estimated affected people compared to
LiDAR DEM estimations.

Projected water
returnperiod

level above mean

sea level rise

sea level
Lagoon side

Sea side

1/100 yr

1.7 m

1/200 yr

2.0 m

1/100 yr

2.7 m

1/200 yr

3.0 m

1/100 yr

2.0 m

1/200 yr

2.5 m

1/100 yr

3.0 m

1/200 yr

3.6 m

Without

With (1 m.)

Without

With (1 m.)

% area flooded

% area flooded

% affected people

% affected people

ASTER compared

SRTM compared

ASTER compared to

SRTM compared to

to LiDAR

to LiDAR

LiDAR

LiDAR

9

16

7

11

9

21

6

17

7

20

4

15

8

27

4

23

630

91

284

35

478

82

242

36

33

6

27

7

25

6

19

6

Table 13: Percentages of ASTER GDEM and SRTM DEM of flooded areas and affected people compared to LiDAR DEM

For the sea side the assessment provides totally different results for the hazard and risk estimations compared to the lagoon side. ASTER GDEM largely overestimates the risk of affected people and the hazard
of flooded area for the two lower water levels (see table 13). For the two higher water levels ASTER GDEM
again underestimates the hazards and risks. SRTM DEM underestimates the risks and hazards for the sea
side for all water levels. For the higher elevation zones for the sea side assessment ASTER GDEM gives
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results for flooded area and affected people which are closer to the LiDAR DEM estimations compared to
SRTM DEM.

Lagos City scale: Effects on elevation statistics
The publicly available DEM datasets were converted to a grid with 5 m. horizontal resolution. The error statistics of the 5 m. grid could be used for the assessment with decimal meter water levels. The error statistics
could not be compared with Lagos State because the extracted values were taken from different sample
locations. However, the processed SRTM DEM and ASTER GDEM could be analyzed on the differences in
error statistics with the original DEM datasets.
The error statistics between the 5 m. grids and the original datasets do not deviate a lot, except for the difference between the SD of SRTM DEM 90m. horizontal resolution and SRTM DEM 5 m. horizontal resolution.
This means that the error statistics do not change dramatically after the down sampling of the horizontal resolution of the original datasets. However, the main reason for down sampling was to enable the usage of these
datasets for applying water levels in decimal meters, which increases the possibilities to use higher vertical
resolutions with the publicly available DEM datasets.

Comparison between the two study scales
The flood hazard and flood risk results of the Lagos State scale and the Lagos City scale show many correspondences regarding the ratios of the magnitudes of hazard and risk estimations and error statistics between the ASTER GDEM, SRTM DEM and the LiDAR DEM. Almost all assessments for Lagos State scale
and Lagos City scale show that SRTM DEM estimates closer results to the LiDAR DEM estimations than
ASTER GDEM, except for the 1/100 year and 1/200 year return period with sea level rise for the sea side
assessment of Lagos City scale.
The assessment for Lagos City scale was executed with a smaller water level range (zone lower than 3.6 m.
above mean sea level), and with a higher precision than the 5 m. LECZ (zone lower than 5 m. above mean
sea level) used for the Lagos State scale. All results of ASTER GDEM and SRTM DEM for the lagoon side of
the Lagos City scale assessment show lower ratios for ASTER GDEM, like the ratios for the Lagos City scale
assessment. Again the sea side is an exception, especially with the ratio peaks for ASTER GDEM. Unfortunately, the results of the two study scales are not easy to compare any further on a level to draw conclusions.
However, the results show that a coastal flood risk assessment is very sensitive to the usage of different
DEMs on different scale levels. because the entire flood risk assessment is based on area calculations of the
flooded areas.

Relation between the effects on hazards/ risks and elevation error statistical results
In general can be concluded that the error statistical results of the DEMs gave an insight in the results on
flood hazard and flood risks estimations by the DEMs. The relative inverse of the flood hazards and flood
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risk estimations by the three used DEMs compared to the elevation error statistics of the three used DEMs
shows that there is a probable trend. However, hard conclusions cannot be drawn because the hazard and
risk estimations were based on the grids (continuous surfaces), while the elevation error statistics were based
on random sample points from ground truth points of the LiDAR point cloud.

The main question which will pop up with regards to the results of both study scales is whether the deviations
of all the estimated flood hazards and flood risks by the publicly available DEMs are acceptable. This thesis
was not conducted to judge the suitability of the publicly available DEM datasets; the focus was to describe
the effects the DEMs cause under same model parameter conditions. However, I think that the hazard and
risk deviations have such magnitudes on underestimation, that I would like to discourage the usage of both
ASTER GDEM and SRTM DEM for the type of coastal flood risk assessments which have been described in
the case study of this thesis.

5.1.2 – Looking back at input from Background theory
For the development of the background theory a literature study was conducted in order to find answers to the
first research question (1) “Which factors of the phenomenon of coastal flooding can be taken along as significant variables in a conceptual coastal flooding GIS model?” and the second research question (2) “What are
indicators for the requirements for resolution and accuracy of DEM data of a coastal flood risk assessment
that remains to be executed?”.

Findings for the first research question were already described in subchapter 3.1. Also the findings for the
second research question were described in subchapter 3.1.

Requirements for vertical accuracy of the DEM
After analyzing the case study results some additional remarks can be made on the requirements for resolution and accuracy of data to be used in a coastal flood risk assessment. It was already stated that the vertical resolution of the DEM dataset should be smaller than the projected water levels you want to use in the
assessment. The vertical accuracy of the DEM datasets used in this thesis was assessed by elevation error
statistics, and showed that these numbers provide insight in the deviations of hazard and risk estimations.
This thesis was not meant to define criteria for the requirements of vertical accuracy of DEMs for coastal flood
risk assessments. However, depending on the objective and scale of the assessment, even small elevation
can greatly affect the utility of derived products (Holmes et al. 2000) If you want to handle criteria for vertical
accuracy for coastal flood risk assessments, the solution should be soughed in the ratio between the range
of the projected water levels and the magnitude of the error statistics.
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5.2 – Critical look at methodology
5.2.1 - Background theory
Required horizontal resolution and vertical accuracy
The chapter of Background theory had been set up to function as input for the building up of an appropriate
case study which could address the objective of the entire study. In this Backgound study one of the main
outcomes for the requirements for the horizontal resolution of the DEM dataset was that the resolution should
be smaller than the average size of the spatial entities of interest, which was supported by theories of Dark &
Bram (2007). However, after the case study, for coastal flood risk assessments it turned out that the vertical
accuracy of a DEM has more influence on the flood hazard and flood risk results than the horizontal resolution. The horizontal resolution of ASTER GDEM (30 m.) is three times higher than SRTM DEM (90 m.), and
the mean error and root mean square error of ASTER GDEM are respectively 1.25 times and 2.08 times
larger than SRTM DEM for the case study Lagos State. Still the estimations of SRTM DEM on flood hazard
and risk turned out to be far closer to the LiDAR DEM estimations than the estimations provided by ASTER
GDEM. This implies that the vertical accuracy of the DEM dataset has more influence on the flood hazard and
flood risk estimations for a coastal flood risk assessment than the horizontal resolution of the DEM dataset.
This outcome needs to be taken into account, and should be incorporated in future methodologies which are
addressing the question which DEM properties are required for a certain coastal flood risk assessment.

5.2.2 - Methodology Case Study
Interpolation methods for creating grids
The ground truth Digital Elevation Models have been created by the interpolation of the source elevation
points, the so-called point cloud. There are various methods to interpolate source elevation points to a grid
(continuous field), like for example Kriging methods, Spline methods, Averaging points, and the interpolation method used for the interpolation of the LiDAR DEM in this thesis; Inverse Distance Weighing. Although
interpolation is not a central issue for this thesis, it plays an essential role in the accuracy of DEMs. Many
researches showed that different interpolation techniques based on the same source elevation points result
in different error statistics for the generated DEM (Chaplot et al. 2006; Desmet 1997; Wise 2007). So interpolation is a significant factor to take into account, especially when the generated DEM functions as ground
truth in a comparison analysis as this thesis is.
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Aggregation level and detail level of Landscan population dataset
The risk estimation in the case study was based on risk of coastal flooding on the population of Lagos State.
The risk on the population was based on the Landscan population dataset (ORNL), which was aggregated
through zonal statistics to the Lagos Council District Areas (LCDAs) for Lagos State. It is significant to mention that the resolution of the original dataset of Landscan is coarse (1km x 1km) compared to the original
DEM data which had been used. Because of the data poor conditions in Lagos State with regards to any
location specific socio-economic information, I was forced to use this publicly available population dataset.
It should be made clear that the main purpose was not to assess the exact number of people at risk for the
various scenarios. The socio-economic information layer was used to emphasize the impact the different
flood distributions of the different DEM datasets can evolve on persuading risk numbers such as “number of
inhabitants at risk”.

Analysis of statistical elevation differences
The statistical elevation differences (elevation errors) of the three used DEM datasets were used to support
the fourth research question: “Can trends be derived from the errors of the used DEMs and the results of the
derived flood area by the used DEMs?”. The error statistics used in these methods only provide information
which is averaged for the horizontal extent of the study area, whereas the derived flood area is based on the
applied water levels and the configuration of elevation in the DEM dataset (see figure 32; Bathtub Approach).
With other words, theoretically it can occur that DEM dataset X, which has larger error statistics than DEM
dataset Y, estimates hazard and risk estimations which are deviating less from the ground truth DEM estimations than the DEM dataset 2 estimations. This means that the assessed vertical accuracy of a DEM has
no linear relation with the estimation of flood hazards and risks. This notion should be taken into account in
the analysis of the relation of statistical elevation differences with the differences in estimated coastal flood
hazards.

Comparing a DTM with a DSM
The publicly available DEM datasets were accepted as DEMs, in their ready-at-hand state when you download them from the internet. For all the results and conclusions drawn in this thesis it should not be forgotten
that the estimations of the SRTM DEM and the ASTER GDEM were based on unfiltered elevation values.
The elevation of vegetation and buildings was not filtered, whereas the elevation of buildings and vegetation
of the ground truth (the LiDAR DEM) was already filtered. Theoretically two Digital Surface Models (DSM),
namely ASTER GDEM and SRTM DEM, were compared with one Digital Terrain Model (DTM), namely the
LiDAR DEM. For sure this has influenced the overestimation of the elevation and the underestimation of the
hazards and risks for almost all executed assessments.
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5.3 - Recommendations
This thesis was based on a theoretical study and a case study on Lagos State in Nigeria. There are many
opportunities for further research. Below you can find some suggestions:

5.3.1 - Testing other (delta) regions
Globally covering DEM datasets which are publicly available have been used in a coastal flood risk assessment for Lagos State, which is a state with a spatial extent which is barely 200 by 50 km. In the context of the
field of coastal engineering, a expertise which is involved in assessments of coastal zones and deltas across
the world, it would be recommended to conduct similar sensitivity analysis of coastal flood risk assessments
to SRTM DEM and ASTER GDEM in other coastal zones of the world. Climate change and sea level rise are
also affecting regions across the entire world (Ericson et al. 2006). Regarding this global issue, the exploitation and research of the opportunities and usability of the publicly available DEMs should be conducted on
many regional scales across the world.

5.3.2 - Lowering of DEMs with a factor
Both ASTER GDEM and SRTM DEM were relatively largely overestimated when you compare the magnitude
of the overestimations with the vertical focusing scales of the water levels applied in the case studies (LECZ
and storm surge levels). My supervisor at Royal Haskoning (Joost Lansen suggested me to research the
possibilities to lower the elevation of the publicly available DEMs with a factor. This means that the value of
the factor will be subtracted from all values in the DEM. Research will be needed to find out which statistical
elevation errors can be used (e.g. mean error) for this purpose, and if these values result in more accurate
estimations for coastal hazards and risks.

5.3.3 - Consideration of acquisition costs and accuracy levels of DEMs
One of the main reasons why LiDAR will not be used in the field of coastal flood risk assessments is the cost
of acquisition or obtaining of the data, and because of the extensive postprocessing after LiDAR acquisition.
In many countries where the resolution and accuracy of data increase, the access of such data to users such
as researchers, engineers, NGO’s and students tends to be prevented by local governments and private
agencies who held and manage the data (Januchowski et al. 2010). Taking into account the large hazard and
risk differences between the publicly available DEM datasets and the LiDAR DEM dataset in this thesis, it
should be considered whether there are possibilities to weigh the costs of the dataset against the accuracy.
Januchowski et al. (2010) already conducted a research on the characterization of errors in DEMs and the
estimation of the financial costs of accuracy. In this research the used DEMs were compared with the ratio
of accuracy level of the DEM to the financial costs of acquisition of the DEM. For this thesis this ratio makes
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no sense, because the publicly available DEMs were freely obtained from the internet. However, for coastal
flood risk assessments the differences of the hazard and risk estimations by the various used DEMs can be
translated to units which can be compared in financial manners (costs). There are many coastal flood damage assessments which estimate the magnitude of damage in costs for a specific study area. The differences
in costs which are assessed by the different DEMs can be compared with the acquisition costs of the DEM
data (total probable damage costs after a flood compared to the acquisition costs of the DEM). These ratios
could provide a grip for the design of criteria for DEM accuracy levels in coastal flood risk assessments.
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Apendix I - Python scripts for ArcGIS Geoprocessing
Python script to convert .TXT point cloud file to point shapefile:
import sys, string, os, arcgisscripting
# Create the Geoprocessor object
gp = arcgisscripting.create(9.3)
# Parameters
sourceFolder = “F:/LAGOS/LAGOS LIDAR WGS84/DEM/46_47” # map with lidar textfiles
targetGdb = “F:/LAGOS/LAGOS LIDAR WGS84/DEM/lagos93.gdb” # output geodatabase where new feature will be created
template = targetGdb + os.sep + “template”
datasetName = “test” # name of new feature dataset which had been created
# ---------------------------------------------------------------------------------------------------------# UTM 31N projectie
proj

=

“PROJCS[‘WGS_1984_UTM_Zone_31N’,GEOGCS[‘GCS_WGS_1984’,DATUM[‘D_WGS_1984’,SPHEROID[‘WGS

_1984’,6378137.0,298.257223563]],PRIMEM[‘Greenwich’,0.0],UNIT[‘Degree’,0.0174532925199433]],PROJECTION[‘Tra
nsverse_Mercator’],PARAMETER[‘False_Easting’,500000.0],PARAMETER[‘False_Northing’,0.0],PARAMETER[‘Central_
Meridian’,3.0],PARAMETER[‘Scale_Factor’,0.9996],PARAMETER[‘Latitude_Of_Origin’,0.0],UNIT[‘Meter’,1.0]];-5120900

-9998100

10000;-100000 10000;-100000 10000;0.001;0.001;0.001;IsHighPrecision”
# Creating new feature dataset
gp.CreateFeatureDataset_management(targetGdb,datasetName,proj)
# Setting output workspace
gp.Workspace = targetGdb + os.sep + datasetName
# Creation of reusable point object
pnt = gp.CreateObject(“Point”)
# Listing and cursoring source folder
for file in os.listdir(sourceFolder):
basename = os.path.splitext(file)[0]
fc = “P” + basename
ext = os.path.splitext(file)[1]
# Checking only .txt files
if ext.lower() == “.txt”:
# create new feature class with the basename of the textfile
gp.CreateFeatureclass_management(gp.Workspace,fc,”POINT”,template,”DISABLED”,”ENABLED”,”#”,”#”,”0”,”0”,”0”)
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# cursor to add new features
cur = gp.InsertCursor(fc)
# open the .txt read-only
print “Processing %s ...” % file
txtFile = open(sourceFolder + os.sep + file, “r”)
while 1:
# read content of row
line = txtFile.readline()
# stop when there is no new row
if not line: break
# creation feature class
feat = cur.NewRow()
# split the items in the row
items = line.replace(“\n”,””).split(“ “)
pnt.x,pnt.y,pnt.z = items[0],items[1],items[2]
# add geometry (x,y,z)
feat.shape = pnt
# add intensity field in the attribute table
feat.SetValue(“intensity”,items[3])
# save the feature
cur.InsertRow(feat)
# close .txt file
txtFile.close()
# delete locks (by cursor)
del cur,feat
print “Finished!”
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Python script to interpolate the point shapefile to a grid (continuous surface):
# Import standard library modules
import arcgisscripting, sys, os, string
# Create the Geoprocessor object
GP = arcgisscripting.create(9.3)
GP.CheckOutExtension(“Spatial”)
# Set the input workspace
GP.workspace = “D:/Bas/03-Lagos Afstuderen/Python/L5253_1.gdb/test”
# Set the output workspace
outWorkspace = “D:/Bas/03-Lagos Afstuderen/Python/L5253_1R.gdb”
# Get a list of the featureclasses in the input folder
fcs = GP.ListFeatureClasses(“”, “point”)
# The shapefile with the 4428 tiles as features (1km x 1km)
fcIndex = “D:/Bas/03-Lagos Afstuderen/Python/LAGOS_LIDAR/city_scale.gdb/test/ortho_tile_index”
for fc in fcs:
# Validate the new feature class name for the output workspace.
idw = outWorkspace + “/” + “I” + os.path.splitext(fc)[0]
# Selecting right feature as extent by name
sSQL = “\”TEXT\” = “ + “’” + fc[1:] + “’”
rows = GP.SearchCursor(fcIndex,sSQL)
row = rows.Next()
while row:
ext = row.shape.extent
GP.Extent = ext
# Process: IDW
GP.Idw_sa(fc,”Shape”,idw,”5”,”2”,”VARIABLE 12”,”#”)
row = rows.next()
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Elevation for strip 4907

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid

Apendix II - 5 m. LECZ Lagos State
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Inundated area

5 m. LECZ for strip 4907
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5107

5107

Elevation for strip 5107

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

96

Inundated area

5107

5 m. LECZ for strip 5107
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5307

5307

Elevation for strip 5307

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area

5307

5 m. LECZ for strip 5307
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5507

Elevation for strip 5507

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area
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5 m. LECZ for strip 5507
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5707

5707

Elevation for strip 5707

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area

5707

5 m. LECZ for strip 5707
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5907

5907

Elevation for strip 5907

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area

5907

5 m. LECZ for strip 5907
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6107

Elevation for strip 6107

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area
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6307

6307

Elevation for strip 6307

LiDAR 5m grid

SRTM 90m grid

ASTER 30m grid
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Inundated area
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ASTER GDEM

1/100 year storm surge; no sea level rise; Lagoon

SRTM DEM

Apendix III - Lagos City storm surge return periods
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hazard area

LiDAR DEM
44741
48981
25336
6358

APAPA
APAPA-IGANMU
BARIGA
COKER/AGUDA

25758
9643
38997
22
8481
93992
8
19867
691
7817
11793
2269

IFELODUN
IGANDO-IKOTUN
IKOYI /OBALENDE
INTERNATIONAL AIRPORT
IRU/VICTORIA ISLAND
ISOLO
ITIRE-IKATE
KOSOFE
LAGOON
LAGOS ISLAND EAST
LAGOS MAINLAND
LAGOS- ISLAND

16706
16635

SURULERE
YABA

SHOMOLU

OSHODI

ORIADE

ONIGBONGBO

ODI-OLOWO/OJUWOYE

26522

178

ETI-OSA

MUSHIN

8689

EJIGBO

EGBE- IDIMU

25877

AMUWO-ODOFIN

27.4

10.8

11.0

16.8

16.5

10.8

2.9

9.6

0.0

23.5

2.9

0.0

33.5

2.8

14.2

3.1

5.2

2.8

21.4

34.6

35.6

17.3

19.5

LCDA LiDAR

LiDAR
49160

% flooded area

Affected people

AJEROMI

LCDA

3712

12794

11092

5226

ASTER

Affected people

1.5

4.4

8.8

3.5

LCDA ASTER

% flooded area

184

3907

490

185

1265

816

3665

1910

4875

5870

1238

109

2446

560

7730

7287

10121

SRTM

Affected people

0.3

1.6

3.6

0.3

1.7

3.4

1.8

0.5

1.7

5.0

0.4

1.9

2.1

0.4

6.2

4.9

4.0

LCDA SRTM

% flooded area
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ASTER GDEM

1/200 year storm surge; no sea level rise; Lagoon

SRTM DEM
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hazard area

LiDAR DEM
52668
61595
27243
15033
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APAPA-IGANMU
BARIGA
COKER/AGUDA
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57002
25
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58
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933
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15551
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30140
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30.2

14.2

0.0

13.0

38.2

21.8

30.2

3.9

10.2

0.1

29.6

6.5

0.0

49.0

3.1

18.4

4.4

6.3

6.5

23.0

43.5

41.9

20.1

24.6

LCDA LiDAR

LiDAR
62016

% flooded area

Affected people

AJEROMI

LCDA

4961

18

13559

17

46

12380

7791

ASTER

Affected people

2.1

0.0

4.6

0.0

0.0

9.9

5.2

LCDA ASTER

% flooded area

1813

5207

579

490

1565

852

5082

27946

5924

9051

2697

156

2993

1203

11166

12067

18591

SRTM

Affected people

3.0

2.2

4.3

0.7

2.2

3.5

2.5

7.0

2.0

7.8

0.8

2.7

2.5

0.8

8.9

8.1

7.4

LCDA SRTM

% flooded area
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ASTER GDEM

1/100 year storm surge; with sea level rise; Lagoon

SRTM DEM

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

114

hazard area

LiDAR DEM
85336
86724
29504
58139

APAPA
APAPA-IGANMU
BARIGA
COKER/AGUDA

64869
13022
78161
86
91755
169206
4933
22726
1364
39467
33562
8490

IFELODUN
IGANDO-IKOTUN
IKOYI /OBALENDE
INTERNATIONAL AIRPORT
IRU/VICTORIA ISLAND
ISOLO
ITIRE-IKATE
KOSOFE
LAGOON
LAGOS ISLAND EAST
LAGOS MAINLAND
LAGOS- ISLAND

210
43390
20814

SHOMOLU
SURULERE
YABA

OSHODI

ORIADE

ONIGBONGBO

ODI-OLOWO/OJUWOYE

47796

550

ETI-OSA

MUSHIN

15567

EJIGBO

EGBE- IDIMU

46620

AMUWO-ODOFIN

34.3

28.1

0.3

19.8

62.7

47.1

54.4

5.7

11.0

8.9

42.3

31.2

0.1

67.2

3.7

35.7

9.6

9.3

25.2

24.9

61.2

68.0

31.2

48.7

LCDA LiDAR

LiDAR
122584

% flooded area

Affected people

AJEROMI

LCDA

5785

1

38

92

14808

43

136

13698

9150

ASTER

Affected people

2.4

0.0

0.0

0.0

5.0

0.0

0.1

10.9

6.1

LCDA ASTER

% flooded area

3224

5920

7456

825

3412

2618

941

7295

44363

8489

13429

3883

183

4106

3250

17447

15733

25181

SRTM

Affected people

5.3

3.8

3.1

6.1

4.8

3.6

3.9

3.5

11.1

2.9

11.5

1.1

3.2

3.5

2.3

13.9

10.5

10.0

LCDA SRTM

% flooded area
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ASTER GDEM

1/100 year storm surge; no sea level rise; Sea

SRTM DEM
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hazard area

LiDAR DEM

YABA

SURULERE

SHOMOLU

OSHODI

ORIADE

ONIGBONGBO

ODI-OLOWO/OJUWOYE

MUSHIN

LAGOS- ISLAND

LAGOS MAINLAND

LAGOS ISLAND EAST

LAGOON

KOSOFE

ITIRE-IKATE

ISOLO

IRU/VICTORIA ISLAND

INTERNATIONAL AIRPORT

IKOYI /OBALENDE

IGANDO-IKOTUN

IFELODUN

ETI-OSA

EJIGBO

EGBE- IDIMU

COKER/AGUDA

BARIGA

15

12408

18

1025

APAPA-IGANMU

201

0.0

4.2

0.3

0.8

0.1

LCDA LiDAR

people LiDAR

APAPA

% flooded area

Affected

AMUWO-ODOFIN

AJEROMI

LCDA

4579

15978

14

10528

7779

ASTER

Affected people

1.9

5.4

0.2

8.4

5.2

LCDA ASTER

% flooded area

313

1039

1

2315

1168

people SRTM

Affected

0.1

0.4

0.0

1.8

0.8

LCDA SRTM

% flooded area
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ASTER GDEM

1/200 year storm surge; no sea level rise; Sea

SRTM DEM
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hazard area

LiDAR DEM

YABA

SURULERE

SHOMOLU

OSHODI

ORIADE

ONIGBONGBO

ODI-OLOWO/OJUWOYE

MUSHIN

LAGOS- ISLAND

LAGOS MAINLAND

LAGOS ISLAND EAST

LAGOON

KOSOFE

ITIRE-IKATE

ISOLO

IRU/VICTORIA ISLAND

INTERNATIONAL AIRPORT

IKOYI /OBALENDE

IGANDO-IKOTUN

IFELODUN

ETI-OSA

EJIGBO

EGBE- IDIMU

COKER/AGUDA

BARIGA

43

14757

21

2313

APAPA-IGANMU

291

0.0

5.0

0.4

1.8

0.2

LCDA LiDAR

people LiDAR

APAPA

% flooded area

Affected

AMUWO-ODOFIN

AJEROMI

LCDA

4934

17586

15

11098

8510

ASTER

Affected people

2.0

6.0

0.3

8.8

5.7

LCDA ASTER

% flooded area

420

1434

1

2882

1497

SRTM

Affected people

0.2

0.5

0.0

2.3

1.0

LCDA SRTM

% flooded area

Sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models

119

ASTER GDEM

1/100 year storm surge; with sea level rise; Sea

SRTM DEM
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hazard area

LiDAR DEM

YABA

SURULERE

SHOMOLU

OSHODI

ORIADE

ONIGBONGBO

ODI-OLOWO/OJUWOYE

MUSHIN

LAGOS- ISLAND

LAGOS MAINLAND

LAGOS ISLAND EAST

LAGOON

KOSOFE

ITIRE-IKATE

ISOLO

IRU/VICTORIA ISLAND

INTERNATIONAL AIRPORT

IKOYI /OBALENDE

IGANDO-IKOTUN

IFELODUN

ETI-OSA

EJIGBO

EGBE- IDIMU

COKER/AGUDA

BARIGA

111

60

155258

840

63314

APAPA-IGANMU

4821

0.0

0.2

52.9

14.6

50.4

3.2

LCDA LiDAR

LiDAR

APAPA

% flooded area

Affected people

AMUWO-ODOFIN

AJEROMI

LCDA

6025

25258

17

13979

14376

ASTER

Affected people

2.5

8.6

0.3

11.1

9.6

LCDA ASTER

% flooded area

578

8173

2

3920

1985

people SRTM

Affected

0.2

2.8

0.0

3.1

1.3

LCDA SRTM

% flooded area
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Apendix IV - Explanation water levels used for Case Study Lagos City
Lagoon Side without sea level rise
Water levels

100 year Return Period in m.

200 year Return Period in m.

Astronomic tide

1

1

Barometric influences

+0.2

+0.3

Storm surge

+0.2

+0.3

Wave set-up

-

-

Sea level rise

-

-

Drainage

+0.3

+0.4

Total

1.7

2.0

Lagoon Side with sea level rise
Water levels

100 year Return Period in m.

200 year Return Period in m.

Astronomic tide

1

1

Barometric influences

+0.2

+0.3

Storm surge

+0.2

+0.3

Wave set-up

-

-

Sea level rise

+1.0

+1.0

Drainage

+0.3

+0.4

Total

2.7

3.0

Sea Side without sea level rise
Water levels

100 year Return Period in m.

200 year Return Period in m.

Astronomic tide

1

1

Barometric influences

+0.2

+0.3

Storm surge

+0.2

+0.3

Wave set-up

+0.6

+1.0

Sea level rise

+1.0

+1.0

Drainage

-

-

Total

3.0

3.6

Sea Side with sea level rise
Water levels

100 year Return Period in m.

200 year Return Period in m.

Astronomic tide

1

1

Barometric influences

+0.2

+0.3

Storm surge

+0.2

+0.3

Wave set-up

+0.6

+0.8

Sea level rise

-

-

Drainage

-

-

Total

2.0

2.4
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