£} Routledge

-1 Taylor &Francis Group

African Geographical Review

Rﬂﬁz\‘ s
N 7 / ISSN: 1937-6812 (Print) 2163-2642 (Online) Journal homepage: www.tandfonline.com/journals/rafg20

Flood risk assessment under population
growth and urban land use change in Matola,
Mozambique

José Lourenco Neves, Tanja Katharina Sellick, Abdulghani Hasan & Petter
Pilesjo

To cite this article: José Lourenco Neves, Tanja Katharina Sellick, Abdulghani Hasan &
Petter Pilesjo (2023) Flood risk assessment under population growth and urban land
use change in Matola, Mozambique, African Geographical Review, 42:5, 539-559, DOI:
10.1080/19376812.2022.2076133

To link to this article: https://doi.org/10.1080/19376812.2022.2076133

a © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

% Published online: 23 May 2022.

\]
CA/ Submit your article to this journal &

||I| Article views: 3148

A
& View related articles &'

View Crossmark data &'

@ Citing articles: 2 View citing articles &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=rafg20


https://www.tandfonline.com/journals/rafg20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/19376812.2022.2076133
https://doi.org/10.1080/19376812.2022.2076133
https://www.tandfonline.com/action/authorSubmission?journalCode=rafg20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=rafg20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19376812.2022.2076133?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19376812.2022.2076133?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/19376812.2022.2076133&domain=pdf&date_stamp=23%20May%202022
http://crossmark.crossref.org/dialog/?doi=10.1080/19376812.2022.2076133&domain=pdf&date_stamp=23%20May%202022
https://www.tandfonline.com/doi/citedby/10.1080/19376812.2022.2076133?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/19376812.2022.2076133?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=rafg20

AFRICAN GEOGRAPHICAL REVIEW
2023, VOL. 42, NO. 5, 539-559
https://doi.org/10.1080/19376812.2022.2076133

ARTICLE 8 OPEN ACCESS | Greck forupsts.

Flood risk assessment under population growth and urban land
use change in Matola, Mozambique

Routledge

Taylor & Francis Group

39031LN0Y

José Lourengo Neves(»? Tanja Katharina Sellick®?, Abdulghani Hasan® and Petter PilesjéP

?Faculdade de Ciéncias da Terra e Ambiente, Universidade Pedagdgica de Maputo, Mozambique/ Unit for Human
Geography, Department. of Economy and Society, University of Gothenburg Sweden; ®GIS Centre, Department of
Physical Geography and Ecosystem Science, Lund University— Sweden

ABSTRACT ARTICLE HISTORY
Matola, a major Mozambican city, has witnessed flooding, mainly caused Received 21 July 2021
by rainfall. The study aims to produce flood-hazard and flood-risk maps for Accepted 5 May 2022
Matola using the hydrological model TFM-DYN. For 2000, 2020, and 2040, KEYWORDS
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the modeled extent of medium-risk area is 50.6 km* (13.7%), 44.8 km Flood hazard: flood risk:

2 . . . 2 ’ v
(12.2%), and 39.0 km* (10.6%) and of high-risk area is 43.3 km* (11.8%), matola
31.8 km? (8.6%), and 28.9 km? (7.8%), respectively. In 2000, 61,978.4
inhabitants were exposed to medium-risk and 53,036.8 to high-risk. In
2020, 130,628.3 inhabitants were vulnerable to medium-risk and 92,722.8
to high-risk. By 2040, 203,999.8 inhabitants will face medium-risk and
151,169.1 high-flood-risk.

1. Introduction

Flood occurrences as natural disasters are increasing globally. Under 100 floods were recorded
annually before 1998, but over 100 floods have been recorded annually since then (Ritchie & Roser,
2020). Climate change will alter the flooding pattern in continents such as Africa where prolonged
heavy rains may increase in volume and occurrence (Douglas et al., 2008). For example, Southern
African countries such as Mozambique, Malawi, South Africa, and Zimbabwe have experienced
floods in 2000, and most recently in 2018, 2019, and 2020 (Douglas et al., 2008; Mkhandi et al., 2000;
Muthoni et al., 2019; Rahut et al., 2021; ReliefWeb, 2000). The same is true of East African countries
such as Somalia, Kenya, and Tanzania (Little et al., 2001; Macleod et al., 2021), and of West African
countries such as Senegal, Burkina Faso, Equatorial Guinea, Togo, and Nigeria (Engel et al., 2017;
Wagner et al., 2021).

In Mozambique, the three largest recorded floods occurred in the twenty-first century: the first in
2000 in almost all rivers of the country, the second in central Mozambique in 2007/2008, and the
third in 2013 in the south, resulting in numerous casualties, hundreds of thousands of displaced
people, and over four million affected people in urban and rural areas (GFDRR et al., 2014; OMS &
MH, 2008). Additionally, floods in 2019 were associated with a strong cyclone ‘Idai’ (WMO, 2019),
and climate-change projections for Mozambique indicate higher expected flood risk across the
country as the likelihood of direct impact from strong tropical cyclones and intense rainfall may
increase over coming decades (MFA, 2018; WMO, 2019).
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Flood risk is the probability of inundation and associated consequences for human health and
life, economic activities, cultural heritage, and environment associated with flood events (EU Floods
Directive, 2007; Kelman, 2018; Sayers et al., 2013). The key component of flood-risk assessment is
accurately estimating the flood hazard (i.e., flood magnitude and frequency) and potential impact
on human activities (Alfieri et al., 2015). Hazard arises from the exposure of people, property,
systems, and other elements present in hazard zones and thereby subject to potential losses
(Kelman, 2018, p. 283). Vulnerability is the extent to which a system is susceptible to floods due
to exposure (i.e., a perturbation), in conjunction with its ability (or inability) to cope, recover, or
adapt (Balica et al,, 2013, p. 3). According to Alfieri et al. (2015), these three components of flood-
risk assessment - hazard, exposure, and vulnerability — change over time due to socioeconomic
development and the possible influence of changing climate, complicating the assessment of present
and future flood risk. Assessing the extent of present and future flood risk is crucial for land-use
management in the face of flooding, to avoid losses.

Hydraulic modeling is central to assessing flood risk, involving the use of hydraulic models to
understand streamflow characteristics such as water depth, inundation extent, and flow velocity
(Echogdali et al., 2018; Ntanganedzeni & Nobert, 2020). Advanced hydrological models are widely
used in developed countries in operational and pre-operational flood forecasting and warning
systems both in small catchments with short response times and in large basins (Casagrande et al.,
2017). Examples of such systems are the Advanced Hydrologic Prediction Service (AHPS) in the
USA (Casagrande et al., 2017; Demargne et al., 2014), the European Flood Awareness System
(EFAS) used for flood warnings in Europe (Alfieri et al., 2014; Casagrande et al., 2017), and other
national systems. Yet, many of these advanced hydrological models are not readily accessible,
require large financial investments, are very complicated to manipulate, or require hard-to-access
input data (Nkwunonwo et al., 2020; Nogherotto et al., 2019). However, detailed flood-risk assess-
ment is extremely necessary in developing countries.

Detailed risk assessment of future urban flooding requires projections of atmospheric variables
such as precipitation and storms (Alfieri et al., 2015; Ward et al.,, 2013), population growth
projections, and spatial and temporal projections of urban development and land-use change
(Lowe et al., 2017; Messner & Meyer, 2005). Flood-risk assessment requires relatively detailed
information on precipitation, topography, asset distribution, and population density over time in
order to determine present and future flood risk. Consequently, most flood-risk assessment studies
performed using advanced hydrological models are performed at the scale of regions, countries, and
river basins, where local information is more accessible, especially in developed countries (Alfieri
etal., 2015). Uncertainties related to projected space-time transformations of land use generated by
socioeconomic development have received less attention in the flood-risk projection community
(e.g., Hinkel et al., 2014; Linde et al.,, 2011 cited by Muis et al., 2015). Therefore, probabilistic
estimates of current and future urban flood risk are especially rare for developing countries such as
Mozambique, where the data for such analyses are scarce (Aerts et al., 2014; Muis et al., 2015). For
example, the Annual Contingency Plan for 2019, approved by the Mozambican government,
highlights that the Municipal Council of the City of Matola (hereafter, ‘Matola’) remains a flood-
risk city (CM, 2018, p. 14). However, the plan lacks detailed analysis of flood risk, such as the
estimated areas subject to different levels of flood risk and their vulnerable populations. This lack of
detail results from difficulties accessing the advanced hydrological models needed to perform flood-
risk analyses and from the scarcity of data needed for such analyses - in the case of Matola,
particularly for quantifying the probability of flood events for both the present and especially the
future.

Facing the challenge of producing present and future flood-hazard and -risk maps for Matola,
and given data scarcity, we chose to use a newly developed version of the triangular form-based
multiple-flow (TFM) algorithm denoted the TFM-DYN model (Pilesjo & Hasan, 2014). We chose
this new hydrological model because it simulates flow and produces estimates of water depth and
velocity in an area over time using few and readily available input data on elevation, rainfall, surface
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roughness, and infiltration in the form of ASCII raster data processed in ArcMap v10.5.1, which is
required to run the model. Python v3.4 software was used to process the input data, analyze results,
and visualize the resulting maps. Additionally, to determine the risk facing Matola, the population
density, maximum water velocity, and maximum water depth were combined using the fuzzy logic
function in ArcGIS 10.5.1.

Matola is situated on the coast between the Infulene and Matola rivers (see, Figure 1) and is
vulnerable to flooding from both the rivers and the sea. During the 2000 floods, the most devastat-
ing in the last 150 years, some areas experienced partial destruction while others experienced the
total destruction of houses and basic infrastructure such as hospitals, electrical and telephone lines,
water supply systems, roads, and bridges (GFDRR et al., 2014; ReliefWeb, 2000). Matola is
characterized by population increase (INE, 2008, 2010, 2019), urban growth, and land-use change,
marked by the horizontal urban spread of industrial, commercial, housing, transport, and other
infrastructures, replacing agricultural and green areas (Araujo, 2003, p. 170). The urban areal
expansion of Mozambican cities such as Matola is driven by greatly increasing urban population,
a process expected to continue for the next 20 years (Araujo, 2003; Maloa, 2019; Neves, 2018; UN-
Habitat, 2018).

These previous experiences and future projections of population growth and flood occurrence
highlight the need for risk assessment for Matola, in order to design and implement plans for
present and future sustainable land use. To address the lack of research on flood-risk probability,
this paper will study such hazard and risk assessments considering present and future scenarios for
Matola. This paper will model urban pluvial flooding based on GIS analysis to produce flood-hazard
and -risk maps of Matola for 2000, 2020, and 2040.
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Figure 1. Matola is located in southern Mozambique and is the capital of Maputo Province. It lies in the catchments of the
infulene and Matola rivers, and includes a short coastline in Maputo Bay.
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The specific objectives are to produce land-use/land-cover (LULC) evolution maps, flood-hazard
maps, and risk maps of Matola for 2000, 2020, and 2040. Two research questions were addressed: 1)
How are flood hazard and risk distributed in Matola in the past, present, and future, considering the
various changes in land use, population, and climate-change scenarios? 2) How can flood-risk maps
be developed given data scarcity?

The study informs the academic community, flood-risk managers, urban planners, and others
interested in flood-risk management, presenting a methodology that can be replicated for flood-risk
assessment considering present and future scenarios. The resulting maps are important for design-
ing and implementing sustainable land-use plans, preventing flood losses, and advancing the
development of flood-mitigation and adaptation measures in Matola.

2. Methodology and data
2.1 Surface water modeling

Various hydrological models exist for modeling water flow, but many are not readily accessible, are
complicated, or require hard-to-access input data (Haque et al., 2019; Nkwunonwo et al., 2020;
Nogherotto et al., 2019). This study uses a newly developed version of the triangular form-based
multiple-flow (TFM) algorithm developed by Pilesjo and Hasan (2014). This user-friendly dynamic
model, denoted TEM-DYN, requires few and readily available input data. The model simulates
water flow and produces estimates of water depth and velocity in an area over time (see, Figure 2),
allowing the temporal and spatial analysis of water depth and velocity. Elevation, rainfall, surface
roughness, and infiltration in the form of ASCII raster data are required to run the model. Here,
ArcMap v10.5.1 (with Spatial Analyst) and Python v3.4 software are used to process the input data,
analyze the results, and visualize the resulting maps.

Hyetograph + weights of LULC

rainfall stations

Initial Water-Depth

I Estimate time step (At) I

Y v vV

| Flow distribution (TFM)

Flow accumulation TFM-DYN
at time (t)
|

Water-Depth at time
(t)

Velocity at time (t)

Figure 2. A conceptual model of TFM-DYN (Pilesjo & Hasan, 2014). Four raster layers are needed as input data to run the model,
which then runs dynamically with a defined time step to estimate the changes in water distribution, accumulation, and velocity of
the accumulated water.
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An advantage of TFM-DYN is that the model includes a multiple-flow algorithm, allowing water
to flow from one cell in a grid representing the land surface to many cells, whereas a single-flow
algorithm restricts the flow by allowing water to move to only one cell (Zhou et al,, 2011). In TFM-
DYN, each cell is divided into eight triangular segments of constant slope and aspect from which
flow can travel both between segments and into the cells surrounding it in a three X three cell block
(Pilesjo & Hasan, 2014).

In this study, the global model simulation was set to a 1-s time step run by the model, while the
total duration was 2.5 h, including a 2-h storm duration followed by 30 min of water flow with no
precipitation. Output data were set to be saved every 5 min for the velocity and water depth starting
at time 0, producing two x 31 output files. Velocity was saved as the maximum of the eight segments
of each cell. The maximum water depth and velocity for each cell throughout the run were then
derived from these 31 files. The water depth at the beginning of the model was set to 0 m.

2.2. Data

2.2.1 Land cover

Land use/land cover (LULC) data covering the study area were extracted using 30-m-resolution
satellite images for 2000 and 2020 downloaded from the United States Geological Survey (USGS)
website, while for 2040 urbanization was simulated in ArcGIS 10.5 to estimate LULC. The LULC
Manning’s values generated by ArcGIS were adjusted according to LULC classes from the National
Cartography and Remote Sensing Center in Mozambique (CENACARTA) (see, Table 1).

The LULC layers for 2000 and 2020 were extracted using a maximume-likelihood classification
(MLC), and the results are presented in Figure 3a, b. Urban growth in Matola is almost completely
horizontal, with agricultural and green areas constantly being replaced with planned housing and
urban sprawl. Matola’s urban growth patterns indicate rapid urban development in most of the
area. Unplanned housing is often built in areas that would normally not be approved for residences,
and is built using materials offering little resilience to flooding.

Matola’s various areas are not well connected to drainage systems and, for example, reduced
ground permeability is not addressed by the municipal government (Neves2018). Industrial areas in
the south-east of the city are also expanding, although this study does not differentiate between
semi-urban and urban areas. Given the lack of urban growth data relevant to Matola, urban growth
was simulated in ArcGIS 10.5 to estimate LULC in 2040 (Figure 3c).

The infrastructure class was ‘expanded’ by a range of one cell (30 x 30 m), causing the eight cells
around any infrastructure cell to be converted unless they were already the same class.
Infrastructure increased by 25% from 2020 to 2040 using this method. This was deemed relevant
horizontal expansion when compared to the 16% increase in urban area from 2000 to 2020
(Figure 4). Population increase was a factor to consider, as the population is projected to rise to
1,859,014 by 2040, almost double the 2020 total of 1,032,197 (INE, 2010, 2019), exerting great
pressure on land use (Maloa, 2019; Ribeiro, 2019).

Table 1. LULC classes as per CENACARTA.

LULC Description

Water Both natural and artificial water bodies

Infrastructure Urban, semi-urban, and industrial

Agriculture Includes irrigated and rain-fed agriculture

Swamp Flat areas of low vegetation that are semi-submerged in water
Herbaceous vegetation and shrubs Grasses and shrubs 10-50 ¢m tall

Herbaceous vegetation, trees, and shrubs Vegetation where trees are present, >50 cm tall
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Figure 4. Percentage of area covered by each LULC class in the study area in 2000, 2020 and 2040.

2.2.2 Elevation data

In urban flood modeling, high-resolution elevation data in the form of a digital elevation model
(DEM) are preferred, as they better represent the real world than does a more general model
(Pakoksung & Takagi, 2020; Paul et al., 2020; Pilesjo & Hasan, 2014). High resolution is important
in the x and y dimensions as well as the z dimension. Higher resolution makes water flow more
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Figure 5. Elevation map of the infulene and Matola river catchments.

realistically, as topographical features such as small valleys and ridges are considered (Karlsson &
Arnberg, 2011; Paul et al., 2020). The DEM used here has the highest spatial resolution available
from the USGS of 30 m in the x and y dimensions and 1 m in the z dimension. The DEM,
representing elevation in 1-m integer values, did not represent the real physical environment
sufficiently for this study. To compensate for the integer values, the vertical resolution of the
DEM was changed to centimeters instead of meters. Although this could only be done based on
the existing 1-m integer DEM, it nevertheless more realistically represents the real physical
environment. A three x three-cell mean filter was applied to the original DEM, resulting in a new
DEM with numbers to two decimal places (equal to cm resolution). With the filter, the original
DEM was ‘flattened out,” as sharp borders between cells due to the low z-dimension resolution were
removed. In this context, this was deemed to improve the representativity of the DEM (Figure 5).

2.2.3 Rainfall

Daily rainfall data over eight measurement stations in the Matola and Infulene catchments were
available for 2000 from the South Regional Water Administration (ARA-Sul) of the National
Directorate of Water (DNA). Stations positioned in the catchment had rainfall data for
6 February 2000, the day that intense rainfall occurred, causing the biggest floods registered in
Matola, with an average rainfall of 151.9 mm. As rain gauges can underestimate rainfall in heavy-
rain events, the data were increased by 10% to compensate (Liang et al., 2012). The rainfall input to
the TEM-DYN model must be in the form of a raster layer and a hyetograph, with each raster-layer
cell being a weight of a standard storm hyetograph based on average rainfall (see below). To create
a raster layer comprising weights, the stations were each assigned an average rainfall weight, which
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were then interpolated to Thiessen polygons. The interpolated layer was then applied with a low-
pass filter to create a 1-km-wide buffer zone to smooth the border weights. The hyetograph was
simulated using an intensity-duration-frequency (I-D-F) curve and the alternating block method
commonly used in storm design (Awadallah et al., 2017; Chen et al., 2009). The I-D-F curve was
calculated using Equation 1 (MISAU, CMAM, PSM and Royal Haskoning DHV, 2017):

I=axt’

Equation 1 where:

e ]is the intensity of rainfall in mm/h
e gand b are coeflicients that vary depending on location and return period
e tis the time period in minutes

The a and b coeflicients for Maputo/Matola (MISAU, CMAM, PSM and Royal Haskoning DHYV,
2017) were used in this study, and the return period was 50 years (a = 1,027 and b = —0.57749). The
I-D-F curve is shown in Figure 6.

From an I-D-F curve, a design storm can be derived using different methods. The intensity was
calculated for 2 h in 15-min steps, then rearranged, scaled to the average rainfall in mm/day on
6 February, and displayed as the graph shown in Figure 6. This I-D-F curve provides a simple way
for rainfall to vary both spatially and temporally in the TFM-DYN. Rainfall changes are hard to
project in Mozambique because of its unique position west of Madagascar and the Indian Ocean.
Generally, while the total rainfall might not increase very much, in extreme events a large or small
increase in rainfall is expected (Dosio et al., 2019; Li et al., 2015). A modest 10% increase in wet-
season extreme-event rainfall from 2000 to 2020 and 2040 was chosen, resulting in the hyetographs
shown in Figures 7 and 8.

2.2.4 Surface roughness

Surface roughness affects the velocity of flow over the landscape. Manning’s n values are commonly
used to represent surface roughness in hydrological modeling (Kalyanapu et al., 2009; Mtamba
et al.,, 2015). The value of Manning’s coefficient can range from 0 to 1, with a higher value
decreasing flow velocity, resulting in a greater accumulated water depth (Mtamba et al., 2015).

250
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M ——
0
0 50 100 150 200
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Figure 6. I-D-F curve for Maputo.
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Design storm produced for 2000 and 2020

160.0 1700
140.0
£ 1200
£ 113.9
~100.0 —
c
2
=
& 800 90.1
& 763
o
9 600 le71— - | || |
& 55.3 204
200 - et
200
0.0 —_—
0-15 15-30 30-45 7590 90105  105-120

. 4560 60-75
Time period (minutes)

Figure 7. Intensity of rain over a 2-h design storm for Maputo assuming a 50-y return period. total average rainfall over the study
area = 171.1 mm/day.
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Figure 8. Hyetograph showing a 10% increase in mm/h (from Figure 7) over a 2-h storm period. total average rainfall over the
study area = 213.8 mm/day.

Different methods can be used to estimate Manning’s n, including visual inspection, physically
based approaches, optimization techniques, and GIS or remote-sensing approaches. A GIS or
remote-sensing approach is used here, specifically using ArcGIS 10.5. This is the best approach
when modeling a large area, as it is normally less labor intensive than other techniques (Kalyanapu
et al., 2009). In this method, Manning’s n values are commonly acquired from tables in the
literature and can then be assigned to a LULC dataset. Surface roughness was determined using
look-up-tables in Mtamba et al. (2015) and Papaioannou et al. (2018). The final Manning’s
coeflicient for each LULC can be seen in Table 2.

2.2.5 Infiltration

The infiltration of an area can change greatly depending on the soil and LULC class. Most of the
study area consists of arenosols, with fluvisols predominant along rivers. Arenosols are commonly
found in arid and semi-arid environments, and are classified by the FAO as having a composition of
more than 70% sand and less than 15% clay (Dahlgren et al., 2008). According to Savva and Frenken
(2002), sandy soils in sub-Saharan Africa typically have an infiltration rate of at least 30 mm/hr and
a base infiltration rate of <30 mm. The base infiltration rate is the steady-state infiltration through
soil. This infiltration rate was chosen because the TFM-DYN model was run using a fixed infiltra-
tion rate for each LULC class. Values for the different classes are listed in Table 3.
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Table 2. LULC classes and their corresponding surface roughness coefficients
according to Mtamba et al. (2015) and Papaioannou et al. (2018).

LULC Manning’s coefficient
Water 0.07
Infrastructure 0.02
Irrigated agriculture 0.04

Swamp 0.1
Herbaceous vegetation and bushes 0.15
Herbaceous vegetation, trees and bushes. 0.25

Table 3. Infiltration values assigned to each LULC class according to
Dahlgren (2008) and Savva and Frenken (2002).

LULC Infiltration (mm/h)
Water 0
Infrastructure 2
Irrigated agriculture 10
Swamp 14
Herbaceous vegetation and bushes 16
Herbaceous vegetation, trees and bushes. 16

The Maputo/Matola city area has many low-lying wetlands, and the surrounding soils are
described as hydromorphic sandy soils with poor drainage and a shallow water table (Dahlgren,
2008). Flooding in the early months of the year is typically worsened by waterlogged soils due
to frequent rainfall preceding an extreme rain event. Consequently, the infiltration rates shown
in Table 3 are relatively low, as the study assumes that previous saturation causes low
infiltration.

2.3 Risk Maps

Population density and the maximum water depth and velocity produced by the TFM-DYN model
were used in the risk maps. Matola population data and LULC data were used to estimate the
population density in each neighborhood. The population was 424,662 in 1997 and 1,032,197 in
2020, and by 2040 it is projected to rise to 1,859,014 (INE, 2008, 2010, 2019). The closest year to
2000 with available population data is 1997, so it was used for the 2000 scenario. The population
distribution over the neighborhoods could not be obtained, so population density was estimated
using the urban distribution in the LULC data. Population density per infrastructure cell in the
Matola city area was determined by first dividing the total population by the number of cells. Then
the population per cell was multiplied by the number of infrastructure cells in each neighborhood,
giving the population in each of them. To determine flood risk, the population density, maximum
water velocity, and maximum water depth were all assigned linear fuzzy memberships, with greater
depths and densities being given higher weights (the minimum value was weighted 0 and the
maximum 1), and were then combined using the fuzzy logic function in ArcGIS 10.5.1.

3. Results
3.1. Water depth

TEM-DYN was run for the whole catchment area of the Matola and Infulene rivers, but the output
is shown only for Matola city, encompassing parts of each catchment. The total area exposed to the
2000 floods in Matola city is 368.4 km? (Figure 9), and the maximum water depth sorted into
different hazard classes is a number close to that presented by Gomez et al. (2018) (Table 4). The
results indicate that of the total flooded area, 52.6% is submerged in 0.01-0.5 m of water in 2000,
decreasing to 46.2% in 2020 and 35.6% in 2040. The total area exposed to this low hazard class is
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193.7,170.2, and 131.2 km? in 2000, 2020, and 2040, respectively. Most of the flooded area is in this
low hazard class (0.01-0.5 m of depth) in 2000 and 2020; in 2040, the largest area is expected to be in
the very-low-hazard class (0-0.1 m of depth) with 173.1 km* corresponding to 47.0%. Additionally,
34.4% in 2000, corresponding to 126.7 km”®, and 40.0% in 2020, corresponding to 147.4 km?, is in
this very-low-hazard class. Of the total exposed area, an extensive area is exposed to medium-
hazard class (0.5-1 m of depth) with 7.3% corresponding to 26.8 km? 7.5% corresponding to
27.6 km?, and 8.0% corresponding to 29.5 km? in 2000, 2020, and 2040, respectively (Figures 9 and
10). However, a significant area is also exposed to high-hazard class (1-2 m of depth) and very-high
-hazard class (2-5 m of depth): 4.1% in 2000, increasing to 4.4% in 2020 and 6.0% in 2040 of high-
hazard flooding; and 1.3% in 2000, increasing to 1.4% in 2020 and 2.7% in 2040 of very-high-hazard
class of flooding. Clearly, much of the high-hazard class lies near river channels and much of the
very-high-hazard class lies near or in river channels, areas with greater depths. Furthermore,
a significant area of the city is also exposed to extreme flood depths exceeding 5 m in these years,
particularly in river channels (Figures 9 and 10).
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Figure 9. Flood-hazard map of Matola city. Maximum depth for each cell during the storm period in a) 2000, b) 2020, and c) 2040.
Depths are classified according to Table 4. Greater depths appear in darker colors. Bottom-right and top-left insets show more
detail in two areas of Matola city where changes in depth between the years can be more easily seen and compared.

Table 4. Depths classified into different
hazard risk classes (Gomez et al., 2018).

Depth (m) Text classification
0-0.01 Very low
0.01-0.5 Low

0.5-1 Medium

1-2 High

2-5 Very high

>5 Extreme
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Figure 11 clearly shows the changes occurring over four randomly chosen cells in the study area.
Points a, b, and c are located in northern Matola, while d lies in the south. From these instances we
can see that the depth starts to increase sharply 35-85 min into the event, usually before peak
rainfall is reached. Figure 11a shows that the flow pattern differs between 2000, 2020, and 2040,
possibly indicating that the LULC classes changed between 2000 and 2020 and between 2020 and

2040.

Figure 11b shows that the depth patterns are similar for all years but differ in magnitude.
Although incoming rainfall stops at minute 120, the depth rises from minute 120 to 150. The
increase in the urban area mainly explains the depth difference between 2000 and 2020 in all cases.

In 2040, the changes can be explained both by increases in the urban area and by increased rainfall.
Figure 11 ¢ and d show that the depths are lower (<0.35 m). Figure 11c shows no flooding in 2000;
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Figure 11. Water depth recorded in 5-min intervals over the 2.5-h model duration for each year starting from time 0. Four
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however, this changes for 2020 and 2040. The LULC class selected in or around the cell causes more
water to be directed to this location. Figure 11d shows a different depth pattern, in which peak
depth appears very early (after approx. 60 min) and slowly decreases throughout the event.

3.2. Water velocity

Figure 12 shows the maximum water velocity in each cell during the modeled storms for 2000, 2020,
and 2040. The average maximum velocity for each year was 0.99, 1.18, and 1.68 m/s, respectively. The
water velocity is highest along drainage channels. The results indicate that of the total area of Matola
affected by pluvial floods, in 2000 cells with a maximum velocity of 0.5-1 m/s occupied a greater area
than did cells with other maximum velocities, with cells having a maximum velocity of 0-0.5 m/s
occupying 33.0% and 28.8% of the area, respectively. In 2020, the scenario changes because cells with
a maximum velocity of 1-1.5 m/s occupy the largest area, followed by cells with a maximum of 0.5-
1 m/s occupying 27.5% and 26.9% of the area, respectively. By 2040 this change intensifies, as the area
occupied by cells with a maximum velocity of 1-1.5 m/s increases to 35.9% of the area of Matola,
followed by cells with a maximum of 0.5-1 m/s occupying 19.2% (Figures 12 and 13).

We can further note that the number of cells with a maximum velocity of 0-1 m/s in flat areas
decreased over the years, whereas cells with a maximum velocity of over 1 m/s in sloping areas
increased over the years (Figures 12 and 13). These findings indicate that the LULC changes caused
by the increasing urban area have an increasing effect on the velocity of water flow, influencing the
flow direction as the water encounters more obstacles to its circulation through new buildings in flat
areas. This is obvious in the visible change between 2000 and 2020, with incoming rainfall
remaining the same, but rapid urbanization having occurred.
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Figure 12. Maximum velocity for each cell during the storm in a) 2000, b) 2020, and c) 2040. Higher velocities appear in darker
colors. Bottom-right and top-left insets show more detail in two areas of Matola city were changes in velocity between the years
can be more easily seen and compared.
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3.3. Flood risk

Flood risk was categorized into five levels, i.e., very low, low, medium, high, and very high, using the
Jenks’ natural breaks method in GIS, because it identifies the classes statically with similar values
and also divides the classes, with big differences existing between attribute values.

The results indicate that, overall, most of the Matola area faces very low risk, with 49.4% in 2000,
57.7% in 2020, and 62.4% in 2040 of the area facing such risk, corresponding to 182.0, 212.4, and
229.7 km”, respectively. Thus, of the 424,662 inhabitants of Matola during flooding in year 2000,
222,926.1 inhabitants were in relatively safe areas. In 2020, of the 1,032,197 inhabitants, 619,318.2
were in relatively safe areas, and in 2040, of the projected 1,859,014 inhabitants, 1,201,506.8 will be
in relatively safe areas (Figure 14, Table 5). These are areas whose flooding depth is the least (0-
0.01 m) and water velocity is low to very low, and are therefore areas of very low or of almost non-
existent vulnerability, as their inhabitants and infrastructure are not exposed to the direct impact of
disturbance caused by the floods.

Low-risk areas are widespread throughout Matola, though tending to decrease in extent from
2000 to 2020 and 2040, from 19.2% of the total area corresponding to 70.8 km? to 17.6%
corresponding to 65.0 km? and 15.7% corresponding to 57.8 km?, respectively. In total, 86,720.7
inhabitants in 2000 and 189,527.7 in 2020 were exposed to a low risk of flooding, increasing to
302,338.3 inhabitants by 2040. In turn, the medium- and high-flood-risk areas put many inhabi-
tants in a vulnerable situation, although fewer than those in very-low- and low-risk areas. In 2000,
61,978.4 inhabitants were exposed to medium flood risk in an area of 50.6 km?, representing 13.7%
of Matola. Additionally, 53,036.8 inhabitants were exposed to high risk in an area of 43.3 km?,
representing 11.8% of Matola. These medium- and high-risk areas are areas with flooding depths of
approximately 0.5-5 m (Figure 14, Table 5).

The results also show that in 2020, 130,628.3 inhabitants were at medium risk of flooding in an
area of 44.8 km?, corresponding to 12.2% of Matola, and that 92,722.8 inhabitants were at high risk
in an area of 31.8 km®, corresponding to 8.6%. In turn, in 2040, 203,999.8 inhabitants will face
medium risk of flooding in an area of 39.0 km?, corresponding to 10.6% of Matola, and 151,169.1
inhabitants will face high risk, in an area of 28.9 km? corresponding to 7.8%.

The top-left inset in the map shown in Figure 14 belongs to the Sidwava neighborhood, where
the results indicate that in 2000 there were only very low, low, and medium levels of flood risk. By
2020 the flood risk had increased to a high level, and by 2040, the risk will increase further to a very
high level. In Sidwava, the population exposed to medium flood risk is estimated at 136 inhabitants
for 2000, 1,462 inhabitants for 2020, and 3,224 inhabitants for 2040 (Figure 14).
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Figure 14. Flood-risk map of Matola in a) 2000, b) 2020, and ¢) 2040. Bottom-right and top-left insets show more detail in two
areas of Matola city where changes in risk each year can be more easily seen and compared.

Table 5. Area and population affected by flooding at each level of risk.

2000 2020 2040

Area Population/ Area Population/ Area Population/
Flood Risk (km?/%) inhabitants (km?/%) inhabitants (km?/%) inhabitants
Very low 182.0 /49.4 222 926.1 212,4/57.7 619 318.2 229,7/62,4 1201 506.8
Low 70.8 /19.2 86 720.7 65,0/17.6 189 527.7 57,8/15,7 3023383
Medium 50.6 /13.7 619784 44,8/12.2 130 628.3 39,0/10,6 203 999.8
High 433/11.8 53 036.8 31,8/8.6 927228 28,9/7,8 151 169.1
Very high' 217 /59 0 14,4/3.9 0 13,0/3.5 0
Total 368.4/100 424 662 368,4/100 1032197 368,4/100 1859014

In the bottom-right inset in the map shown in Figure 14, belonging to the Kobe neighbor-
hood, the results indicate the occurrence of all flood risk levels, with the very-high-risk area
decreasing and the high-, medium-, low-, and very-low-risk areas increasing from 2000 to
2020 and 2040 (Figure 14). In Kobe, the population exposed to medium and high risk is
estimated at 1,355 inhabitants for 2000, 6,347 inhabitants for 2020, and about 9,532 inhabi-
tants for 2040.

The number of people vulnerable to flooding in Matola clearly changes from 2000 to 2020
and 2040, because the average number of people per 30 x 30-m cell increased/will increase
from 3 to 4 and 5, respectively. Additionally, the great changes in urban area and urban
infrastructure evolving from south to north bring about changes in flood-risk patterns in the
three modeled years, as the LULC changes influence water flow direction and accumulation
patterns (Figure 14, Table 5).
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4. Discussion

Although studies of flood-risk analysis have been conducted in Mozambique, we lack research on
detailed flood-risk assessment maps, particularly at local levels such as Matola. Here, we developed
detailed flood-hazard and -risk assessment maps of Matola for 2000, 2020, and 2040. From 2000 to
2040, we see an increase in areas flooded to a depth of 0-0.01 m, a decrease in areas flooded to 0.01-
0.5 m, and an increase in areas flooded over 0.5 m. The flow velocity increases greatly from 2000 to
2040, with more areas flooded to greater depths and at higher flow velocities, showing the effect of
urbanization on flood hazards in Matola.

The above shift in flooding depths is due solely to land-use changes over time, as the infra-
structure LULC class increases in each scenario, decreasing infiltration and surface roughness.
However, infiltration is already low due to saturated soils, so surface roughness must be the main
driving factor. Higher flow velocities can mean that less water accumulates to a depth of 0.01-0.5 m,
instead flowing to lower-elevation areas and increasing the extent of the medium, high, very-high,
and extreme hazard classes. It could also be that LULC changes influence flow direction and
accumulation patterns due to the small changes in water flow that changed velocity and infiltration.

The study presents new discoveries as the results clearly indicate that the area exposed to
medium and high flood risk tends to decrease from 2000 to 2040, although the number of
inhabitants exposed to flood hazard increases. This is due to the population increase in flood-risk
areas associated with urban growth marked by fully horizontal urban spread in Matola. This urban
spread is caused by commercial, housing, transport, and other infrastructures replacing agricul-
tural, green, and floodplain areas with non-existent or deficient drainage systems, or other water-
control systems needed for flood control, in both newly planned and informal, unplanned land
development (Aratjo, 2003; Neves2018). This scenario leads to increased population density in
areas exposed to medium, high and very high flooding hazard classes and, therefore, to more
vulnerability to flooding.

Estimation of the current and future urban flood risk for Matola faced a common and
frustrating issue, as mentioned above, in that data for many developing countries are missing,
scarce, or of low resolution (Aerts et al., 2014; Muis et al.,, 2015), so many factors must be
estimated or assumed. Additionally, in all modeling, there are uncertainties due to the results
representing only what could happen according to the input data, and the results are difficult
to validate.

However, one possible method of flood-model validation is to compare model output with
data from real events, such as remotely sensed images taken during flood events and/or
reports of the number of affected people during the events (Nogherotto et al., 2019). Luu
et al. (2020) produced a risk-assessment map that included many relevant factors: flood
hazard represented by water depth; exposure represented by land use, distance to river, and
population density; and vulnerability represented by road density and poverty rate. Using
historical flood data allows validation of the model study. Thus, this study can be verified not
with images, but by the similarity of the modeled to real affected population, as follows. In
this study, the sum of the number of inhabitants vulnerable to medium (61,978.4 inhabitants)
and high flood risk (53,036.8 inhabitants) corroborates results published during the 2000
floods, indicating that in Matola, an estimated 100,000 people were affected by the floods
(GFDRR et al.,, 2014; ReliefWeb, 2000). This gives some credibility to and confidence in the
present results, based on Pilesj6 and Hasan’s (2014) TFM-DYN hydrological model. In
addition to validation based on historical flood data, a strength of this study is that it applies
a futuristic perspective, visualizing in flood-hazard and -risk maps what could happen in the
future. This constitutes a great contribution to the field of flood-risk study and assessment.

The present results are indispensable for urban planning in Matola as, given the presented
scenario, urban planning must adjust to the flooding through adaptation measures. Flood
adaptation is needed since studies of climate change and rainfall patterns clearly show that in
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southern Mozambique there is a recurrent and an increasing trend of heavy rainfall associated
with cyclones that will cause floods approaching or exceeding the height of those in 2000 (Li
et al., 2015; MFA, 2018; WMO, 2019). Additionally, studies show that urban population
growth will continue (INE, 2010, 2019), likely over coming decades (Aradjo, 2003; Maloa,
2019; Neves,2018; UN-Habitat, 2018). It is necessary to ensure that land-use forms and
investments in urban infrastructure are resilient to climate change, particularly flood hazards.
Future research could usefully examine adaptation and mitigation actions implemented in
urban planning in Matola municipality.

5. Conclusion

In many developing countries, such as Mozambique, high-quality data for flood-risk assess-
ment are unavailable. This study aimed to model pluvial flooding in the city of Matola
through combining scarce data to produce flood-hazard and -risk maps. Our findings indicate
that much of the total flooded area, i.e., 52.6% and 46.2%, is in the low-hazard class (0.01-
0.5 m of depth) in 2000 and 2020, respectively. In 2040, the largest flooded area, i.e., 47.0% of
Matola, is expected to be in the very-low-hazard class (0-0.1 m of depth). Additionally,
a significant flooded area is exposed to medium-hazard class (0.5-1 m of depth), high- hazard
(1-2 m of depth), and very-high-hazard classes (2-5 m of depth) flooding, increasing from
2000 to 2020 and 2040. It is clear that much of the area subject to high and very-high-hazard
flooding lies close to or in the river channels. The water velocity findings indicate that in
2000, cells with a maximum velocity of 0.5-1 m/s occupy 33.0% of the area. In 2020, the
scenario changes, and cells with a maximum velocity of 1-1.5 m/s occupy 27.5% of the area.
The change continues, and by 2040 cells with a maximum velocity of 1-1.5 m/s occupy 35.9%
of the area of Matola. Cells with other maximum velocities are also undergoing changes
resulting from LULC changes over the years, shifting the trajectory of water through buildings
and other constructions, and changing the patterns of water accumulation.

The results indicate that, overall, most of the Matola area faces very low flooding risk, and areas
facing the lowest-depth (0-0.01 m) flooding risk account for 49.4% of the area in 2000, 57.7% in
2020, and 62.4% in 2040, affecting about half the population in each year. These are areas of very
low or almost nonexistent flood vulnerability, as their population and infrastructure are not
exposed to the direct impact of flood disturbance.

In turn, the medium- and high-flood-risk areas put many inhabitants in a vulnerable
situation, although fewer than those in very-low- and low-risk areas. In 2000, 61,978.4
inhabitants were exposed to medium risk of flooding in an area of 50.6 km® and 53,036.8
inhabitants were exposed to high risk in an area of 43.3 km”. In 2020, 130,628.3 inhabitants
were vulnerable to medium risk of flooding in an area of 44.8 km” and 92,722.8 inhabitants
were vulnerable to high risk in an area of 31.8 km?2. In turn, in 2040, 203,999.8 inhabitants
may face a medium risk of flooding in an area of 39.0 km?® corresponding to 10.6% of the
area, and 151,169.1 inhabitants may face a high risk in an area of 28.9 km”. Changes in LULC
and population growth play major roles in the changing risk profile over the years studied and
in consequent population increase in flood-vulnerable areas. The findings indicate the need
for planned adaptation measures to cope with urban flooding given the 2040 scenario
presented. The hydrological modeling methodology presented here - i.e., creating maps
showing maximum water depth, velocity, and risk in Matola in the past, present, and future
despite data scarcity — could be useful for other cities in Mozambique or elsewhere for the
same purposes. This study will aid risk assessment and/or disaster risk management of flood
hazards, in the interest of better urban planning and introducing actions to adapt to and/or
mitigate flooding.
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Notes

1. Very high flood risk areas were excluded from the population density calculation as they are river/creeks
channels, therefore we put zero (0) affected population.
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