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Abstract: Flood is one of the most destructive natural hazards affecting the environment and the
socioeconomic system of the world. The effects are higher in the developing countries due to their
higher vulnerability to disaster and limited coping capacity. The Awash basin is one of the flood-
prone basins in Ethiopia where the frequency and severity of flooding has been increasing. Amibara
district is one of the flood-affected areas in the Awash basin. To minimize the effects of flooding,
reliable and up-to-date information on flooding is highly required. However, flood monitoring and
forecasting systems are lacking in most basins of Ethiopia including the Awash basin. Therefore, this
study aimed to (i) identify important flood causative factors, (ii) evaluate the performance of random
forest (RF), linear regression, support vector machine (SVM), and long short-term memory (LSTM)
machine learning models for flood prediction and susceptibility mapping in the Amibara area. For
developing flood prediction and susceptibility modeling, nine causative factors were considered,
namely elevation, slope, aspect, curvature, topographic wetness index, soil texture, rainfall, land
use/land cover, and curve number. The Pearson correlation coefficient and information gain ratio
(InGR) techniques were used to evaluate the relative importance of the factors. The machine learning
models were trained and tested using 400 historic flood points collected from the 10 September
2020 Sentinel 2 image, during which a flood event occurred in the area. Multiple metrics, namely
precession, recall, F1-score, accuracy, and receiver operating characteristics (area under curve), were
used to evaluate the performance of the models. The results showed that all the factors considered
in this study were important; elevation, rainfall, topographic wetness index, aspect, and slope were
more important while land use/land cover, curve number, curvature, and soil texture were less
important. Furthermore, the results showed that random forest outperformed in predicting and
mapping flooding for the study area whereas the linear regression model showed the next best
performance to RE. However, SVM performed poorly in flood prediction and susceptibility mapping.
The integration of satellite and field datasets coupled with state-of-the-art-machine learning models
are novel approaches and thus improved the accuracy of flood prediction and susceptibility mapping.
Such methodology improves the state-of-the-art knowledge in this field and fills the gaps of traditional
flood mapping techniques. Thus, the results of the study can provide crucial information for informed
decision-making in the processes of designing flood control strategies and risk management.

Keywords: flood; flood prediction; flood susceptibility mapping; machine learning; feature importance
for flood occurrences; Amibara

1. Introduction

Floods are one of the world most destructive natural global environmental hazards
and result in huge casualties and economic losses [1]. According to UNDRR and CRED [2],
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floods affected 1.65 billion people between 2000 and 2019 alone. The number of causalities
and human displacement is higher in developing countries due to their higher vulnerability
to disaster and limited coping capacity [3]. Most African countries, including Ethiopia,
have been highly affected by flooding. For example, in the Greater Horn of Africa alone,
about 2 million people are affected by extreme climate-induced hazards including flooding
every year [4]. In this region, in addition to the direct effects of flooding, the indirect
effects have been increasing, such as spread of water-borne diseases, severe food insecurity,
large-scale migration flows, increasing social inequality, and political instability [4]. For
example, Reed et al. [5] reported that about 12% of the African population experienced
food insecurity attributed to flooding. The frequency and severity of flooding have been
increasing due to climate change, extreme weather, and anthropogenic factors [6].

Flood is a common meteorological hazard in most river basins of Ethiopia, causing
water pollution and destruction of infrastructure and livelihood, displacing, killing, and
injuring many peoples [7,8]. In Ethiopia, flooding is recurrent and happening every year
in different parts of the country, and with various impact levels [9,10]. The Awash basin
is one of the most flood-prone basins in Ethiopia [10], with increasing frequency and
severity resulting from increasing climate change and socioeconomic developments such as
increasing urbanization and industrialization. Flooding in the Awash basin is either caused
by excess precipitation or unexpected release of an excess amount of water from reservoirs.
The upper parts of the basin, with elevation of more than 3000 m and mean annual
precipitation of about 2000 mm, have experienced flooding due to excess precipitation
whereas the lower parts of the basin have experienced flooding mainly due to unexpected
release of reservoirs or overtopping of the river channel due to high precipitation received
in the highland parts of the basin.

Lack of flood monitoring and forecasting systems, inadequate budget, insufficient
data, lack of centralized database, conflicts within the region, policy implementation issues,
lack of high computing infrastructures, and the complexity of topography make predicting
and monitoring of flooding very challenging. On the other hand, to minimize the impact of
flooding, proper flood monitoring, forecasting and early warning systems are crucial.

Flood mapping, monitoring, and prediction provide meaningful information for
decision-makers in designing flood mitigation and management strategies [11]. Flood map-
ping techniques includes physical hydrological modeling and statistical methods [12,13].
These techniques, however, require large amounts of data, which are difficult to collect,
and consider predefined relationships between controlling factors and flood occurrence.
Moreover, physical-based model techniques do not capture the nonlinear characteristics of
floods, which leads to uncertainties of the results [14,15]. The techniques have advanced
owing to the advancement of remote sensing technologies, geographic information sys-
tem, artificial intelligence, and cloud computing [11]. Recently, machine learning coupled
with geospatial technologies has been widely used for flood mapping, monitoring, and
prediction [13,16]. Machine learning, which is a data-driven computer algorithm, is effec-
tive for flood mapping in data-scarce areas [11] and captures the nonlinear characteristics of
flood occurrence [15]. Machine learning can be used as an alternative flood mapping tech-
nique and overcomes the limitations of physical-based and statistical models [17]. Machine
learning is effective and outperforms physical hydrologic models in mapping and predict-
ing flooding as it describes the nonlinear nature of flooding [18]. Accordingly, machine
learning algorithms such as support vector machine [14], artificial neural networks [19,20],
and random forest [21] have been widely used for flood mapping.

For example, Zehra [22] employed nonlinear autoregressive exogenous model (NARX)
and support vector machine (SVM) algorithms for flood prediction and reported that
the effectiveness of machine learning algorithms for flood mapping and prediction are at-
tributed to its capability to utilize data from multiple sources to classify flood and non-flood
classes. Moreover, Nevo et al. [16] reported the higher performance of long short-term
memory (LSTM) algorithms compared to linear models in modeling and forecasting flood-
ing. However, Motta et al. [15] reported better performance of random forest in detecting
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flood events. On the other hand, Nur-Adib et al. [17] reported the best performance of
an artificial neuron network (ANN) in mapping and predicting flood event. According
to Ali et al. [23], the deep recurrent neural network (DRNN) model better performed in
mapping and predicting flood events compared to the long short-term memory (LSTM)
and bidirectional long short-term memory (BI-LSTM) models.

Therefore, there is no censuses on which machine learning algorithms are best for
mapping and predicting flood event as the performances of the algorithms depend on the
quality and types of datasets used for developing the models, and biophysical character-
istics of an area. Therefore, the objectives of this study were to select the most important
flood causative factors, evaluate the performance of SVM, RE, linear regression, and LSTM
machine learning models for flood mapping and prediction for the Amibara district.

2. Materials and Methods
2.1. Description of the Study Area

The Awash River basin is one of the 12 major river basins of Ethiopia, which is highly
populated and the most utilized basin due to availability of land and water resources. As
such, it is the most important river basin in Ethiopia. The Awash River originates from
the high plateau near Ginchi town west of Addis Ababa and flows along the Rift Valley
into the Afar Triangle, and joins the salty Lake Abbe near the Djibouti border. The total
area of the basin is about 110,000 km? with elevation ranging from 4193 to 290 m above
sea level (m.a.s.l). The Awash basin is divided into upper, middle, and lower parts based
on topographic, climatic, and socioeconomic factors. The basin is characterized by diverse
topography, climate, and farming system, and is frequently affected by extreme climate
events such as flooding and drought [24].

This study was conducted in the Amibara district of the lower Awash River basin,
which is located in the Afar Regional State, Eastern Ethiopia. Amibara district is part
of the Administrative Zone 4 of the Afar region, bordered in the south by the Awash
Fentale district, in the west by the Awash River, which is separated from Dulecha in the
northwest by Administrative Zone 5, in the north by Gewane, in the east by the Somali
region, and in the southeast by the Oromia region. The geographic location of the study
area is between 09°-10°N and 40°-41°E and the elevation ranges from 563 to 1344 m above
sea level (m.a.s.l) (Figure 1).

The area is part of the East Africa Great Rift Valley [25], which is characterized by
patches of scattered dry forests, Acacia woodlands, bush land, wooded savanna, and
scrubland. About 64% of the region is degraded and bare due to the harsh semi-desert
climatic conditions [26]. Awash Arba, Awash Sheleko, Melka Sedi, and Melka Werer are
towns that are found in the Amibara district.

The physiography of the study area is dominated by plains, with a slope range of
0-8%. The main soil types in the area include Eutric Fluvisols, Eutric Cambisols, and Vertic
Cambisols. The climate can generally be described as arid to semiarid, with maximum and
minimum temperatures varying from 25 to 42 °C and 15.2 to 23.5 °C, respectively, and an
average annual rainfall of 560 mm [25,26]. May and June are the driest months, whereas
July through September is the main rainy season. During the longest rainy season, flash
riverine floods originating from the highlands recurrently break the Awash River bank and
cause loss of lives, crops, and infrastructure damage to the surrounding area. The district is
identified as one of the most flood-vulnerable sites in the region.
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Figure 1. Description of the study area.

2.2. Datasets

Flood occurrence is determined by various biophysical and environmental factors
including streamflow, rainfall, topographic-related variables, land use/land cover, soil
texture, and other watershed characteristics. Thus, for predicting and mapping flood events
accurately, such multiple flood causative factors should be considered. As such, various
datasets from different sources were used for this study, including streamflow, rainfall, ESA
WorldCover, historic flood event data, Shuttle Radar Topographic Mission (SRTM) digital
elevation model (DEM) (SRTM DEM) data, and soil datasets. The datasets were used for
developing machine learning models for mapping and predicting flood in the study area.

Long-term time series streamflow data were obtained from the Ministry of Water and
Energy of Ethiopia (MoWE), Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS) satellite-derived rainfall (5 km spatial resolution) data were downloaded from the
Climate Hazards Center (https://www.chc.ucsb.edu/data/chirps, accessed on 12 Decem-
ber 2023), and the SRTM DEM with 30 m spatial resolution was downloaded from NASA’S
Earth Explorer website (https://earthexplorer.usgs.gov, accessed on 13 December 2023/)
from which various topographic parameters such as slope, elevation, aspect, curvature,
and topographic wetness index (TWI) were extracted. In addition, ESA WorldCover maps
(10 m), which were developed by the integration of Sentinel 1 and 2, were downloaded
from the ESA website (https://esa-worldcover.org/en, accessed on 13 December 2023),
from which the land use/land cover maps of the study area were extracted. Major land
use/land cover classes of the study area include farmland, bare land, waterbody, woodland,
grassland, and settlement. Land use/land cover classes are one of the important environ-
mental factors that determine flood occurrence in a given area. For example, farmland,
settlement, and grassland are susceptible to flooding compared to forest and shrubland, as
in the former case, the natural surface is disturbed, promoting runoff rather than infiltration.
Furthermore, USDA system soil texture classes for six depths were downloaded freely from
an open-source dataset (https://developers.google.com/earthengine/datasets/catalog/
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OpenLandMap_SOL_SOL_TEXTURE-CLASS_USDA-TT_M_v02, accessed on 12 December
2023), from which soil permeability and curve number (CN) were derived.

Historic flood event data are important for training and testing machine learning
models. However, obtaining spatial flood record data is difficult and challenging as the data
are either unavailable or scarce. Therefore, historic satellite images acquired during floods
in the study area can be used to collect labeled flood points. According to reliefweb [27],
severe flooding occurred in most parts of Ethiopia including in the Amibara district of the
Afar region from the middle of June to September 2020 and heavy flooding occurred from
7 to 10 September 2020. Due to this flooding event, more than 38,000 individuals were
displaced from Amibara district alone. Figure 2 shows Sentinel images acquired before the
occurrence of the flood event (2 June 2020) and during the flood event (10 September 2020).
Accordingly, the Sentinel 2 satellite image acquired on 10 September 2020 was used to
collect historic flood information, from which about 400 labeled points were collected, and
the points were divided into training and testing datasets (Figures 1 and 2). Accordingly,
the training datasets were used for training and hyperparameter tuning the models and the
testing dataset was used for testing the performance of the models. For fair evaluation of
the performance of the models, the training datasets were independent datasets that were
not used for the training process. Table 1 show the sources and descriptions of the datasets
used in this study.

Figure 2. Sentinel 2 images acquired on 2 June 2020 (left) (before flood event) and on 10 September
2020 (right) during a flood event (The Images are displayed in False Color Composite (RGB)).

Table 1. Description and sources of the datasets.

S.No Data Types Source Description
1 Streamflow MoWE Used to train the models
2 Rainfall Satellite Rainfall (CHIRPS) (5 km) Used to train the models
3 Sentinel 2 images ESA Used to train the models
4 Land use/land cover ESA WorldCover (10 m) Used to derive major LULC classes
Used to derive topographic parameters (slope,
5 DEM SRTM (30 m) elevation, aspect, curvature, and TWI)
6 Soil USDA Used for deriving CN and soil texture



https://developers.google.com/earthengine/datasets/catalog/OpenLandMap_SOL_SOL_TEXTURE-CLASS_USDA-TT_M_v02
https://developers.google.com/earthengine/datasets/catalog/OpenLandMap_SOL_SOL_TEXTURE-CLASS_USDA-TT_M_v02
https://developers.google.com/earthengine/datasets/catalog/OpenLandMap_SOL_SOL_TEXTURE-CLASS_USDA-TT_M_v02

Remote Sens. 2024, 16, 2163

6 of 20

2.3. Methods
2.3.1. Data Preprocessing and Standardization

Multiple datasets required for this project were collected from various sources. There-
fore, data management and preprocessing were highly required to ensure the accuracy,
standardization, reliability, and quality of the data collected from multiple sources. As such,
preprocessing including removing outliers, filling missed data, and correcting inconsisten-
cies of the datasets were carried out using Python libraries (geopandas) before being used
as an input for the models. These preprocessing techniques were implemented to ensure
the quality and standards of the datasets. After preprocessing, cleaning, and formatting
the datasets, relevant variables required for the development of the model were extracted.
Finally, the cleaned and formatted datasets were standardized in a format required by
the machine learning models, which were used for flood prediction and susceptibility
mapping. Nine causative factors were extracted, and used for developing the machine
learning models.

2.3.2. Machine Learning Models Evaluated in this Study

For this study, four machine learning models were evaluated for their flood prediction
and susceptibility mapping performances. The algorithms considered in this study included
random forest (RF), support vector machine (SVM), long short-term memory (LSTM), and
linear regression. Model training and testing as well as flood prediction and susceptibility
mapping activities were carried out on the Jupyter notebook in the EO-Africa Research and
Facility innovation lab to predict and map flood susceptibility in the Amibara district, Afar
region, Ethiopia.

Random Forest

Random forest is one of the common machine learning models that are integral
learning models and uses multiple trees to train and predict labeled data [28]. It is an
ensemble classification model that utilizes the decision trees as one single tree in the forest
to solve both regression and classification problems. The algorithm introduces randomness
into the model, reduces the correlation between decision trees, and improves the prediction
accuracy of the algorithm while ensuring the accuracy of each model. The model has two
parameters, namely the number of parameters and the depth of the decision trees, that
improve the accuracy of the classification [29].

The strength of random forest include that it can: (1) generate highly accurate clas-
sifiers for high-dimensional feature inputs while maintaining efficient training process;
(2) evaluate feature importance during the determining category; (3) handle missing infor-
mation in the samples while achieving high accuracy; and (4) is able to process unbalanced
data and consider their interaction [30]. To run the random model in this case, the number of
trees considered was 126 and the number of randomly selected predictor variables was 9.

Linear Regression

Linear regression is a machine learning algorithm that provides a linear relationship
between an independent variable and a dependent variable to predict the outcome of future
events. The model predicts the value of the dependent variable as response or output
variables. Therefore, linear regression is a supervised learning algorithm that simulates
a mathematical relationship between variables and makes predictions for continuous or
numeric variables.

The linear regression fits a linear model with coefficients = (81, ... k) to minimize
the residual sum of squares between the observed targets in the datasets, and the targets
predicted by the linear approximation. The general formula for linear regression mode is
described by the following formulas (Equations (1)—(3)).

Y:ﬁ0+ﬁ1*X1+ﬁ2*X2+...+‘Bk*Xk (1)
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where Y = dependent variable, X; = independent variable (i=1, 2, 3, ... k), Bp = an intercept
(or bias) term and B; = regression coefficient.

To evaluate best fit line, the corresponding cost function (or loss function) needs to be
optimized. For example, consider mean squared error (MSE) as a cost function:

argminﬁO,/S{ %21111 (yi — Bo — ijil xl-]-ﬁ])z} (2)

The coefficients of the above cost function are determined by the following closed
form solutions.
p=(xTx)"'xTy 3)

Support Vector Machine (SVM)

The SVM is a supervised learning binary classifier. It is a nonlinear mathematical
structure that is able to represent complex nonlinear relationships between the inputs
and outputs [31]. The SVM model can be constructed by an optimum linear separating
hyperplane that can be used to separate the data patterns and use kernel function to convert
the original nonlinear data pattern into a linearly separable format in the high-dimensional
feature space [32]. It is a supervised classification technique that uses a hyperplane in a
data space.

Through changing the kernel function, which determines the shape of the decision
boundary, an SVM regression algorithm can be optimized for flood prediction. This is
because the kernel function has significant impact on the performances of the model.
Accordingly, among the radial basis function (RBF), polynomial kernel, linear kernel, and
sigmoid kernel, the linear kernel was selected as it performed best in predicting floods.

Long Short-Term Memory (LSTM)

LSTM is used in both deep learning and artificial intelligence that has feedback con-
nections and handles an entire data sequence. As such, LSTM networks are effective for
classification and prediction of time series datasets [33]. Particularly, they have significant
potential for flood forecasting [34]. The LSTM has a unique internal structure capable of
processing and memorizing long-term sequential dependencies [35].

To evaluate the performance of an LSTM model for flood prediction, various param-
eters were carefully considered during training and testing phases. The parameters are
crucial for optimization and accuracy improvement included the number of layers, epochs,
batch size, and the number of dense layers. A nuanced approach was adopted to balance
the number of LSTM layers that enhanced the ability of the model to capture complex
spatial patterns while preventing overfitting. At the same time, the number of epochs,
which determines how often the model iterates over the training dataset, was adjusted
with a keen eye on accuracy improvement while avoiding the risk of overfitting. This itera-
tive process involved continuous monitoring of validation loss and accuracy to pinpoint
the optimal number of epochs. Furthermore, choosing best optimization and activation
function can improve the performance of an LSTM model. Therefore, optimizers including
Adam, RMSprop, and SGD with momentum were experimented with to find the one that
resulted in the best accuracy. Likewise, activation functions including ReLU, sigmoid,
and tanh were tested to determine the best activation for better accuracy. Accordingly,
ReLu activation and the Adam optimizer were selected for the model in this project, which
provided the best model accuracy.

2.3.3. Parameters Considered in Developing the Models

Topographic parameters such as slope, elevation, aspect, curvature, and TWI were
derived from the Shuttle Radar Topographic Mission (SRTM) digital elevation model
(DEM). The CHIRPS satellite was used to extract mean annual rainfall of the project areas.
In addition, soil texture and CN data were derived from USDA global soil datasets. The
land use/land cover classes obtained from the ESA WorldCover maps were reclassified
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and aggregated into farmland, bareland, waterbody, woodland, grassland, and settlement
classes. Finally, all the parameters were resampled to the same resolution with the SRTM
DEM (30 m) and standardized ready for model development. Table 2 shows the summary
of parameters considered for the Amibara flood prediction and susceptibility mapping.

Table 2. Parameters considered for flood susceptibility mapping.

S.No Flood Conditioning Factors Source Resampled Resolution (m)
1 DEM (elevation) SRTM 30

2 Slope Derived from DEM 30

3 Aspect Derived from DEM 30

4 Curvature Derived from DEM 30

5 Topographic Wetness Index (TWI) Derived from DEM 30

6 Curve Number (CN) From soil data 30

7 Soil USDA (EnvirometriX Ltd.) 30

8 Rainfall Climate Hazards Center (CHIRPS) 30

9

Land use/land cover (LULC) Sentinel 2 30

Feature Selection

Feature selection is one of the most important steps during the processes of flood pre-
diction and susceptibility mapping. It is required to reduce the size of the input datasets by
removing less important features. The removal of less important features while maintaining
more important features improves learning accuracy and minimizes the computational time
during model training [36]. More influencing factors were selected using two techniques:
Pearson correlation analysis and information gain ratio (InGR). The correlation between
causative factors was analyzed using the Pearson correlation coefficient (Equation (4)). The
absolute value of r ranged from 0 to 1. Two factors that have an absolute of r greater than
0.6 are considered to have a strong correlation [21].

_ Sx-X)(%-Y)
VI X=X/ (v - V)

where X; and Y; are samples of causative factors, X and Y are the average values of X and
Y, respectively, and # is number of samples.

The information gain ratio (InGR) is utilized to measure the information contribution
level of causative factors to prediction models. The INGR method was used to analyze the
relationship between flood conditioning factors and flood occurrence, and evaluate the
importance of flood conditioning factors [37]. Assuming training dataset S consists of n
classes, the expected information is calculated as follows (Equations (5)—(8)):

H(S) = =) i, pilog, (pi) (5)

where p; is the probability that a sample belongs to class C; (flood and non-flood).
The factor A has m values and its average entropy is calculated as follows:

E(A) ==Y, piH(S) (6)

The split information value represents the potential information obtained by dividing
S into m parts corresponding to m results on the attribute A and can be calculated as follows:

r

(4)

Splitinfo A(S) = — T:l Xz-(ssi)logz(si/S) (7)
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Finally, the variable importance value (V1) is defined as follows:

H(S) — E(A)

vi(4) = Splitinfo A(S)

(®)

Factors with higher VI values are more important for prediction models. The higher
the variable importance (VI) values, the more important they are for prediction models,
whereas factors with VI of zero indicate no contribution to flood occurrence and should be
removed from flood susceptibility modeling [33].

2.3.4. Machine Learning Accuracy Assessment Metrics

The performance of machine learning models is commonly evaluated using precision,
recall, F1-score, and accuracy metrics [29,38]. The values of these metrics range from 0
to 1, where the higher the value, the better the performance of the model. These metrics
are calculated from the true positive (TP), true negative (I'N), false positive (FP), and false
negative (FN) sample testing datasets. The true positive (TP) samples are pixels and the
machine learning model correctly detects the true classified pixel type as the water pixel in
the prediction, whereas the true negative (TN) pixels are non-water pixels in observation
correctly detected as non-water pixels in the machine learning prediction. On the other
hand, the false positive (FP) samples are incorrectly detected as water pixels that are non-
water pixels in observed datasets. The false negative (FN) samples are the non-water pixels
detected by the machine learning mode, that are water pixels in the observed datasets (see
Equations (9)—(12)).

Precision = 7TPTFP )
Recall = TPZ—% (10)
Aceuracy = gy TI:ZI\DI:_—II;ZI\’]—!— FN (12)

Receiver Operating Characteristic (ROC) Curve

The ROC curve is a common approach used for determining the general performance
of models, which is widely used in spatial modeling. It can evaluate qualitatively the
prediction of occurrence or non-occurrence of the events using the area under the ROC
curve (AUC) [39] that highlights the performance of a model for flood prediction and
mapping. Therefore, the receiver operating characteristics curve (ROC) and area under the
ROC curve (AUC) were used in evaluating the machine learning models in addition to the
abovementioned evaluation metrics. The values of the ROC curve ranged from 0.5 to 1,
indicating inaccurate and highly accurate, respectively [40].

2.3.5. Flood Prediction Techniques

Historic flood data can be used for training and testing machine learning algorithms.
However, such data have not been, in most cases, recorded in spatial data rather flood
situations are stored in reports with simple descriptive information about where the flood
occurred, how large it extended, and how deep it was. Thus, historic flood data were not
available and were challenging to collect from the respective offices and fields. Therefore,
satellite images were the best alternative data sources for extracting historic flood occur-
rence in a given area. As such, Sentinel 2 satellite images acquired in 2020 (flooded year
in the study area) were used for collecting flood data, which were used for training and
testing machine learning algorithms. About 400 total labeled flooded points were collected
from the satellite images, of which 0.8 were use for training and 0.2 were used for testing
the models.
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2.3.6. Flood Susceptibility Mapping

Flood susceptibility mapping is crucial for characterizing flood risk zones and for
designing appropriate flood mitigation and management strategies. Flood occurrence
depends on various biophysical and environmental parameters including topography,
hydrometeorology, soil, land use/land cover, and anthropogenic factors. However, various
studies have considered different parameters for mapping flood susceptibility. As such,
based on literature review and the characteristics of the study area, nine causative factors
were considered for flood prediction and susceptibility modeling.

The importance of the factors was evaluated based on InGR and the Pearson corre-
lation coefficient. Accordingly, the importance of all the factors considered in this study,
which included elevation (DEM), slope, aspect, soil, rainfall, land use/land cover, and
curve number, were assessed. The trained models were used for mapping flood sus-
ceptibility of the study area, which showed the probability of flood occurrence, and the
resulting maps produced from the models were compared. Figure 3 shows the general
methodology flowchart.

Flood causative factors (topographic, soil, rainfall, land use/land cover)

Data preprocessing and standardization

v

Feature importance (InGR and Pearson Correlation Coefficient)

4 Streamflow
Rainfall . . . /
\ Machine Learning Model training

~] Sentinel 2

Y

Model performance evaluation (accuracy assessment metrics)

Flood prediction and susceptibility mapping

Figure 3. Methodology flowchart.

3. Results and Discussion
3.1. Feature Importance

Figure 4 shows the InGR values of the features used for the machine learning mod-
els for flood prediction and susceptibility mapping, revealing significant differences in
their importance.

The results showed that the InGR values of all the features were >0, which indicates
that all the features considered in the model development are important although their
importance differs significantly. The closer the InGR values approached to 1, the more
important the feature, whereas the closer the InGR values to 0 showed the less important
the feature was. DEM (elevation) (0.35), Ap-CHI (rainfall) (0.16), and TWI-Am (topographic
wetness index) (0.13) were the most important factors that determined flood prediction
and susceptibility mapping. Moreover, aspect (0.1) and slope (0.09) were important factors
in determining flood events, whereas land use/land cover (LULC), curve number (CN),
curvature, and soil were less important. The results generally showed that topographic-
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related factors and rainfall are crucial factors that determine flood occurrences in the
Amibara district. As such, for better prediction and susceptibility mapping of flood events,
those features should be considered during model development.

Soil_res
Curvature
CN_New
LJLC
Slope
Aspect
TWI_Am
AP_CHI

DEM

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Figure 4. Importance of features (InGR value). Note: Soil-res (soil texture); CN-New (curve number);
LULC (land use/land cover); TWI-Am (topographic wetness index); AP-CHI (CHIRPS rainfall);
DEM (elevation).

Figure 5 shows the Pearson correlation coefficient values between the nine factors:
DEM, AP_CHI, TWI-Am, aspect, slope, LULC, CN-New, curvature, and soil-res. The
results showed two pairs of factors with a correlation coefficient greater than 0.6. The
highly correlated pair of factors were Soil-res and CN-New (0.76) and elevation (DEM)-
slope (0.61). Pairs of factors with a correlation coefficient less than 0.6 are considered
important and should be considered in the development of machine learning models. In
this regard, most of the factors considered in this study were very important in determining
flood events.

For a highly correlated pair of factors (>0.6), the factor with the lower InGR is con-
sidered as less important. As such, elevation (DEM) and curve number (CN-New) were
considered more important while soil texture and slope were relatively less important,
which was in line with the InGR-based factor importance analysis result.

Generally, the results of the feature importance analysis showed that most of the
features considered in this study were important for the occurrence of flooding, whereas
topographic variables like DEM (elevation), aspect, topographic wetness index (TWI),
slope, and climate variables such as rainfall were very important. This result is in line
with previous studies [33,41,42]. For instance, according to Bentivoglio et al. [41], slope,
land use/land cover, aspect, terrain, and curvature are the most important factors for
determining flood occurrence, and thus should be considered in flood prediction and
susceptibility mapping. Moreover, a study performed in the Shangyou Country, Jiangxi
Province, showed that slope, distance to rivers, land use, and NDVI are more important in
influencing flood occurrence [33]. Likewise, Al-Ruzougq et al. [42] reported that elevation,
rainfall, and NDVI are more important for determining flood occurrence in Fujairah, United
Arab Emirates. Furthermore, Nguyen et al. [37] reported that elevation, land use/land
cover, NDVI, curvature, topographic wetness index, and rainfall are more important for
flood occurrence. However, aspect and slope were reported to be less important for flood



Remote Sens. 2024, 16, 2163

12 of 20

susceptibility mapping [37]. This implies that flood prediction and susceptibility mapping
are determined by multiple biophysical factors whereas their significance varies from region
to region and from model to model. Therefore, assessing the types and the significance level
of factors that affect flooding should be performed first, before modeling flood prediction
and susceptibility mapping.

-

Class
]

-10
-: -:I |

- 0.8

DEM

Slope

-0.057 | 0.049

Aspect

0.028 | -0.01¢ 0.15 | -0.087

0.26 .13

0.0063 | -0.027 0.00097( 0.023

0.023 | 0.046 1

I
Class DEM Slope Aspect CurvatureSoil_res CN_New TWI_Am AP _CHI LWULC

Curvature

Soil_res

- ) -

0.042

TWI_AmM  CN_New

0.018

AP_CHI

=3.2e-17

LULC

Figure 5. Pearson correlation matrix between nine factors. Note: Soil-res (soil texture); CN-New
(curve number); LULC (land use/land cover); TWI-Am (topographic wetness index); AP-CHI
(CHIRPS rainfall); DEM (elevation).

3.2. Performances of the Machine Learning Models

Table 3 shows machine learning performance evaluation results for predicting flooding
and susceptibility mapping in the Amibara district.

Table 3. Performance evaluation of machine learning models for flood prediction.

Model Precision Recall F1-Score Accuracy AUC
SVM 0.75 0.90 0.81 0.75 0.5
LSTM 0.79 0.87 0.83 0.76 0.81
RF 0.90 0.94 0.91 091 0.94
Linear regression  0.85 0.96 0.90 0.87 0.94

The performances of the models were evaluated using the abovementioned metrics.
The results showed that precision, recall, F1-score, and accuracy values for the RF model
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were 0.90, 0.94, 0.91, and 0.90, respectively. These values were similar to those of the linear
regression model. On the other hand, the performance of the SVM model in terms of
precision, recall, F1-score, and accuracy were 0.75, 0.90, 081, and 0.75, respectively, showing
a poorer performance. Finally, the performance of LSTM was modest in predicting flood
events, at least for the study area.

Figure 6 shows the receiver operating characteristics (ROC) area under curve (AUC)
values for the SVM, LSTM, linear regression, and RF models. The area under curve can
explain the accuracy of the models. The higher the AUC, the higher the performance
of the models for predicting and mapping flooding. According to the ROC curve re-
sult, the RF (0.94) and linear regression (0.94) models outperformed the LSTM (0.81) and
SVM (0.5) models.
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Figure 6. Receiver operating characteristics (ROC) curve for LSTM (A), RF (B), SVM (C), and linear
regression (D).

The results show that SVM was not very accurate in predicting flooding for the
Amibara district (Figures 6 and 7, and Table 2). On the other hand, the same results further
reveal that, though RF and linear regression were better at predict flooding (AUC > 0.90),
LSTM had high accuracy in flood prediction (AUC > 0.8). Therefore, RF, linear regression
and LSTM models were better in predicting flood events; RF and linear regression models
were robust while the SVM model performed poorly in predicting flood events. Generally,
machine learning model performance evaluation results showed that RF was the most
accurate and robust in predicting flood events in the Amibara district.

3.3. Flood Susceptibility Maps

Figure 7 shows flood susceptibility maps of the Amibara district obtained by the four
models. The susceptibility maps represent flood probability values ranging from 0 to 1.
The value closer to 0 corresponds to areas almost safe from floods, while values closer to 1
represent high flood occurrence probability. It is worth noting that flood probability values
for the RF model ranged from 0 to 1 whereas the ranges for the other models did not exploit
the whole range, which may indicate a poorer performance of flood susceptibility mapping
and underestimation of flood occurrence.
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Figure 7. Flood susceptibility maps developed by SVM (A), LSTM (B), RF (C), and linear regression
models (D) (1e5 =1 x 10° and 1e6 = 1 x 10°).

This indicates that RF was best for flood susceptibility map for the Amibara district
(Figure 7C). The flood probability values are color coded. Assuming five intervals, ranging
from 0 to 0.2, 0.2 to 0.4, 0.4 to 0.6, 0.6 to 0.8, and 0.8 to 1 that correspond to very low, low,
moderate, high, and very high flood susceptibility, respectively, the results indicate that the
high and very high susceptibility areas are clearly located in flat areas with low elevation.
The flood susceptibility map obtained from the RF model is in agreement with flooded areas
during 2020 that suffered huge environmental and socioeconomic destruction [27]. Heavy
flood events caused by heavy rainfall were reported in different parts of Ethiopia including
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the Amibara district of Afar region from mid-June to September 2020 [27]. The cause of
flooding in the Amibara district was overflow of the Kesem, Tendaho, and Koka dams on
the Awsh River due to the heavy rain that occurred in the highlands of the Awash basin.
The flooding displaced about 38,000 individuals from Amibara district alone, destroying
infrastructure and farmland.

Furthermore, [43] reported that the 2020 flood was the most disastrous compared
to the other floods in the Awash basin, displacing 240,000 persons, damaging 60,000 ha
agricultural land, and affecting bridges and roads. The 2017-2018 flood event that occurred
in the upper Awash basin affected 8477 households, about 18,996 ha of agricultural land,
25,087 head of livestock, and infrastructure and institutions [44].

The findings of this study are in agreement with the study conducted by Hasanuzza-
man et al. [45], who reported better performance of RF (AUC = 0.85) in flood susceptibility
mapping for the Silabati River, a river in tropical India. The better performance of RF in
flood prediction and susceptibility mapping could be attributed to its ability to overcome
overfitting while maintaining predictive accuracy, as it is an ensemble of classification and
regression trees [46]. Moreover, the model combines straightforward operability with com-
putational speed [47]. Furthermore, the model is able to generate highly accurate classifiers
for high-dimensional feature inputs while maintaining efficient training processes, evaluate
feature importance during the determining category, and handle missing information in the
samples while achieving high accuracy, and processing unbalanced data and considering
their interaction [30]. As such, RF outperformed other machine learning models such as
support vector machine, artificial neural network, and regression models [11,31,48].

However, Nevo et al. [16] reported the strong performance of LSTM in predicting
flood events. Moreover, Fang et al. [33] reported the effectiveness of LSTM for predicting
flood occurrence and flood susceptibility mapping. However, El-Magd et al. [49] reported
that XGBoost outperformed (AUC accuracy of 90.2%) in predicting flood event in Wadi
El-Lageita, Central Eastern Desert, Egypt. In addition, Le et al. [50] reported a strong
performance (with Nash-Sutcliffe efficiency (NSE > 87) from LSTM in flood forecasting
in Da River basin in Vietnam. Likewise, the outperformance of LSTM with NSE > 0.98
and RMSE of <0.2 m in forecasting flooding was reported in the Xiangjiang River [51,52].
Moreover, Fang et al. [33] reported that the local spatial sequential long short-term memory
neural network (LSS-LSTM) method performed satisfactory prediction in terms of accuracy
(93.75%) and area under the receiver operating characteristic (ROC) curve (0.965). On the
other hand, the highest performance of SVM in predicting and mapping flood events was
reported in California [29].

On the other hand, the outperformance of artificial neural networks in flood inundation
and forecasting was reported by several studies [18,52,53]. Moreover, outperformance
of machine learning models is reported using artificial neural networks (ANNSs) [54],
random forest (RF) [39], and support vector machine (SVM) models [55]. In addition,
Bentivoglio et al. [41] reported that convolutional layer-based models control inductive
biases and better process the spatial characteristics of flooding events than the model and
statistics-based techniques.

Studies show that the performance of machine learning models for predicting flood
event varies from study to study and it is challenging to generalize. This could be due to
differences in the types and quality of datasets used, model parameters considered, and
biophysical characteristics of the study areas. Moreover, the underlying principles of the
models and their predictive performance significantly varies. For example, RF leverages
ensemble learning and aggregate multiple decision trees. As such, it handles complex,
nonlinear relationships and high-dimensional data, which makes it robust and outperform
other models [28,56]. SMV, which seeks to find the optimal hyperplane that separates
data points into different classes, tackles nonlinearity with kernels and is effective for
complex datasets with many features. However, this model is sensitive to hyperparameter
tuning [57]. On the other hand, linear regression assumes a linear relationship between
inputs and outputs and predict values based on a weighted sum of features. Linear regres-
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sion models are suitable for simple and linear datasets but less accurate for nonlinear and
complex datasets [58]. The LSTM deep machine learning model is effective for time series
and sequential datasets whereas it is less accurate for static and non-sequential data [59].
These studies show that choosing the appropriate model depends on the characteristics of
the data and the nature of the underlying relationships.

Our findings highlight carefully choosing suitable models and parameters for effective
and accurate flood prediction and mapping is an important prerequisite for designing
flood control strategies that minimize the negative consequancs of flooding. Therefore,
flood management planning in the Amibara district is important to minimize the negative
consequences of flooding. This is because the severity, frequency, and geographic coverage
of flooding are expected to increase in the future, attributed to increasing climate change
and human activities, endangering the environment and the socioeconomic system of the
world [16,60]. Hence, monitoring and predicting flooding are important for designing flood
management strategies.

Hydrological and meteorological model-based flood mapping and forecasting tech-
niques are traditional approaches that do not consider the complex flood causative factor
interactions and have limitations in integrating large datasets from multiple sources. Hence,
more sophisticated, adaptive, and data-driven techniques are required for reliable flood
mapping and prediction. In this regard, machine learning is an innovative approach for
flood mapping and prediction as it handles multiple datasets from various sources and
complicated correlations within large volumes of datasets. Such capabilities improved
the accuracy of flood mapping and predictions [60]. As such, machine learning offers
promising performance for flood inundation modeling and provides a plausible alternative
to physically based hydraulic models that are both highly computationally demanding and
challenging to use in operational flood forecasting systems [16,18].

Generally, machine learning, which is a data-driven computer algorithm, is effective
for flood mapping in data-scarce areas like in Ethiopia [11] and captures the nonlinear
characteristics of flood occurrence [15]. It can also be used as an alternative flood mapping
technique and overcomes the limitations of the physical-based and statistical models [17].
Machine learning is effective and outperforms physical hydrologic models in mapping
and predicting flooding as it describes the nonlinear nature of flooding [18]. However,
conventional machine learning techniques require specific feature engineering of raw data
before their processing. On the other hand, deep learning, which is among the advanced
techniques of machine learning, performs better than the traditional machine learning
attributed mainly to high computational time. Deep learning models are more accurate
compared to the traditional approaches and computationally fast compared to numerical
methods. This is because the deep learning method is a data-driven method with multiple
levels of representation, obtained by composing simple but nonlinear modules where each
transform the representation at one level.

Even though study has generally shown the effectiveness of deep learning for flood
mapping and prediction, its generalization ability across different case studies and mod-
eling complex interactions with the natural and built environment remain challenging in
using deep learning for flood mapping and predictions [41]. Therefore, the major limitation
of machine learning/deep learning models is their difficulties in predicting beyond the data
used to train the models [53]. Furthermore, machine learning in general and deep learning
in particular require large datasets to obtain better performance whereas ground measured
datasets are scarce and publicly unavailable for model training, testing, and validation. The
other limitations of machine learning/deep learning models include embedding expert
knowledge for calibrating the models manually, and models that use grid-based data to
learn mapping functions pose challenges in understanding the interaction between grids
and the black box nature of the model [61].
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4. Conclusions

Flooding is one of the most destructive natural hazards that affects the environment
and socio-economic systems of both developing and developed countries. To minimize
the negative effects of flooding, monitoring and predicting the occurrence of flood events
is important, as it supports informed decision-making. In this regard, the advancement
of geospatial technologies and the state-of-the-art machine learning algorithms and cloud
computing have contributed much in mapping and predicting flood events more accurately
compared to the traditional physical- and statistical-based modeling techniques. These tech-
nologies and techniques are effective in integrating multiple factors from various sources
that determine flood occurrence. The factors that determine flooding and the performance
of machine learning models varies from region to region. Therefore, identifying the relative
importance of flood causative factors and evaluating the performance of machine learning
models in predicting and mapping flooding is a prerequisite for accurate mapping and
predicting the events.

Accordingly, feature importance results showed that all the factors considered in
this study, namely elevation, rainfall, topographic wetness index, aspect, slope, land
use/land cover, curve number, curvature, and soil texture, are determining factors for
flood occurrence with different level of importance. The results showed that topographic-
related factors such as elevation, aspect, topographic wetness index, aspect, and slope,
and rainfall are more important while land use/land cover, curve number, curvature,
and soil texture are less important. Furthermore, the performance evaluation results of
the machine learning models indicate that random forest outperformed the other three
models with the highest accuracy (0.9), precision (0.9), recall (0.94), and AUC (0.94) in flood
prediction and susceptibility mapping. Linear regression also performed better next to
RF with 0.85 precision, 0.96 recall, 0.90 F1-score, 0.87 accuracy, and 0.94 AUC. However,
support vector machine performed poorly whereas LSTM was moderate in its performance.

The results generally showed that topographic factors and rainfall were more impor-
tant in determining flood occurrence whereas the RF model was best in predicting and
mapping flood events more accurately compared to SVM, LSTM, and linear regression
for the Amibara area and similar areas. However, caution should be taken in selecting
important flood causative factors and best performing models for a particular area as the
accuracy and reliability of the results depends on the quality of the training data, and
types and quality of the features considered for the development of the models and model
parameter estimation. The results of this study can be used as a baseline for informed
decision-making and developing a flood monitoring and early warning system for Amibara
and similar areas. Particularly, information on flood prediction and susceptibility are crucial
for policymakers in disaster risk management.
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