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Abstract

The devastating events which befell Chimanimani as a result of Cyclone Idai in March 2019, came
with extensive flash flooding, landslides and very high-speed winds which caused huge destruction
in the district. Rehabilitation of cyclone affected communities is indispensable to restore
livelihoods. The overarching objective of the study is to determine the impacts of Cyclone Idai and
conduct damage and loss assessment, focusing on the vegetation, built-up areas and flood extent.
This research used Sentinel-1 SAR GRD data to map the flood extent using the pre- and post-flood
events images. Then to measure the response of built-up and vegetation to flood events in the
Chimanimani district, Sentinel-2 data was used through different indices such as NDVI, NDBI and
NDW!I which were used in mapping vegetation change and validating flood extents. Images for
prior and after the cyclone were used. The results showed that there was a greater negative effect
to vegetation due to flooding which occurred mostly along rivers and streams. For the built-up
areas affected by floods, the results illustrate that the greater percentage was in the negative change
as compared to non-affected built -up areas. This indeed confirms that floods have a negative effect
as explained by the houses, bridges and roads that were swept away by water. Cyclone Idai was
accompanied by strong winds and flash flooding which both had an effect on the damage and loss
that occurred. Therefore, in conclusion, consequential damage and loss due to flash flooding in
both vegetation and built-up areas in the Chimanimani district caused a destruction of 93.91% and
28.25% respectively.
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1. Introduction

Natural disasters are calamities with atmospheric, geological, and hydrological causes that have
the potential to result in casualties, property destruction, and social and environmental
disturbance (Xu et al., 2016). Examples of these natural disasters are, droughts, earthquakes,
floods, cyclones and landslides. The most destructive natural disasters are tropical cyclones,
which usually pose a significant danger of human fatalities, significant financial loss, and
significant environmental damage (Charrua et al., 2021). Some of the tropical cyclones
experienced in Zimbabwe included Cyclone Eloise, Tropical Storm Ana, and Cyclone Jasmine,
causing significant damage in Zimbabwe (Mukwenha, 2021). In Zimbabwe, the disaster that was
experienced in March 2019 was tropical cyclone Idai which was accompanied by flash floods,
lightning, hail, and heavy rains. As a result of the catastrophic effects on agriculture, schools, and
infrastructure, many residents lost their houses, infrastructural loss, casualties and disruption of
daily life (Chatiza, 2019). Fluvial flooding was experienced in Chimanimani district and can be
classified into two primary categories: overbank flooding and flash flooding. Flash flooding is
defined as a fierce torrent of water over an already-existing river at a fast rate of speed. Flood
extent may now be successfully mapped thanks to current technology, such as geographic
information systems and remote sensing (Ward et al. 2014; Ho et al. 2010; Samarasinghea et al.
2010).

In this research, the cyclone Idai flood damage and loss assessment was done using both SAR data
and optical data; nonetheless, microwave (SAR) satellite data is a more preferable method for flood
mapping because it has the ability to capture images day or night regardless of weather conditions
(Anusha & Bharathi, 2020). Damage and loss assessment are imperative for flood management
although it is a challenging task due to its complexity in dealing with big data, damage types, spatial
and temporal scales i.e. depth of analysis (Menoni et al., 2016). GIS and remote sensing, often
known as Earth Observation System (EOS), are nowadays the most used tools for disaster
management (Simonovic & Eng, 2002). The actual flood extent cannot be assessed fully from field
visits because of the area vastness and the restriction of mobility, thus EO data is important (Husain
& Shan, 2010). This is because it gives an advantage where data is limited, costly and hard to
access and needs frequent revisit times (Clement et al., 2017). Satellite data are crucial for
identifying, assessing, and quantifying flood extent, damage, and environmental effects, according
to several authors (Hussaina et al. 2011; Khanna et al. 2006). Optical and radar data is common for
flood monitoring and damage assessment and proven to be efficient in flood inundation mapping
because of their distinct properties. The optical data’s distinct water reflectance property makes it
effective in identifying water bodies from other land uses as it is displayed in terms of the spectral
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bands (Husain & Shan, 2010). This property helps to efficiently delineate vegetation from other
land covers using a near-infrared and red band optical imagery. Synthetic aperture radar (SAR)
sensors’ microwave capabilities of being able to penetrate through clouds and its applicability for
both day and night makes it extremely good for flood water extraction (Jussi, 2015; Schlaffer et al,
2015). The optical and radar data sets are finally combined through feature level fusion in order to
bring out the desired outcome. The radar datasets in this study came from the Sentinel-1 databases,
whereas the optical datasets come from Sentinel-2. In this investigation, feature level fusion was
used to combine optical and radar data. When two or more images are combined to create a
composite image, the information from each individual image is integrated, giving the finished
image a higher information content than any of the input images. "Image fusion™ is the name of
this procedure (Pradham et al., 2010). Finding a transformation of the original space that would
produce these new features, which are conserved or improved to the greatest extent possible, is the
aim of feature level fusion.

In terms of Zimbabwe’s context, some authors only determined the Cyclone Idai’s flood extent
while others estimated the general damage and losses that came as a result of the cyclone which
did not clearly bring out the exact damage and loss that came as a result of flooding. As a result,
the main research gap in the current study is the inadequacy of knowledge regarding the amount of
damage and loss that resulted from the cyclone’s flood in Zimbabwe’s Chimanimani district.
Therefore, the objectives of this research are to (i) spatially explicitly map the flooded area extent,
(if)evaluation of the effects of flood brought on by cyclone Idai through moderate spatial resolution
imagery (Radar and Optical) and (iii) determining the amount of damage and loss brought on by
cyclone Idai’s flooding events as per land-use class. The novelty of this study was on using radar
in mapping flood extents and then fusing through feature level fusion, with optical data considering
spectral indices, thus, NDVI and NDBI. Change detection based on the NDVI and NDBI spectral
index on the inundated area is conducted with the intention to determine damage and loss within
the study area.

2. Study Area

2.1 Study Area: Chimanimani District

A mountainous district in the Manicaland Province of south-eastern Zimbabwe is the Chimanimani
District. The town of Chimanimani also serves as the district capital. It covers an area size of
3,450.14 km2. Its borders are as follows: Mozambique to the east, Mutare District to the north and
northwest, Buhera District to the west, and Chipinge District to the south. The eastern portion of
the district is bordered by the Chimanimani Mountains, which run for about 50 kilometers (31
miles) and constitute the border with Mozambique. From September 5 to July 20 of each year,
Chimanimani experiences 10 months of rain, with a typical 31-day rainfall of at least 0.5 inches.
The wettest month is January, with an average rainfall of 7.6 inches, while the driest is August,
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with an average rainfall of 0.3 inches. Hence, the rainless period of the year lasts for 1.5 months
(weatherspark.com). However, rainfall typically consists of powerful thunderstorms and is caused
by low pressure systems travelling north-east up the Mozambique channel and inland. Rainfall
rises sharply with altitude, reaching 2000mm at higher altitudes from roughly 1200mm annually
along south-east-facing foothills (CNR Management Plan, 2010). The majority of the soils in
Chimanimani district are white sands, which have a very limited capacity to retain water and low
fertility (BirdLife International, 2023).

3. Materials
3.1 Satellite data

3.1.1 Sentinel 1 (SAR/Radar)

For this work, Sentinel-1 Ground Range Detected (GRD) single co-polarized imagery was used
to map the flood extent in the study area. It was downloaded from Copernicus Open Access Hub,
https://scihub.copernicus.eu/.

3.1.2 Sentinel-2 (Optical)

This study uses Sentinel-2 imagery to evaluate flood damage in the study area. The Copernicus
Open Access Hub was used to get the data from the Sentinel-2 SAR satellite operated by the
European Space Agency. With spatial resolutions between 10m and 20m, each MSI contains 13
spectral bands that encompass the visible, red-edge, near-infrared (NIR), and short-wave infrared
(SWIR) wave lengths. Both the sentinel-1 and sentinel-2 data collected are displayed in Table 1.1
below.

Table 1. Sentinel-1 and Sentinel-2 data acquisition dates

Satellite Acquisition date before floods Acquisition date after floods
Sentinel-1 07 March 2019 19 March 2019
Sentinel-2 28 February 2019 25 March 2019

4. Methodology

4.1 Methodology for Radar

The subset of the image, multilooking, radiometric calibration is part of the pre-processing for
Sentinel-1's synthetic aperture radar (SAR) data using the Sentinel Snap software. Geometric and

Damage and Loss Assessment Due to Tropical Cyclone Idai’s Flooding Events in Chimanimani District,
Zimbabwe (12031)
Rumbidzai Chivizhe, Juliana Useya and Reason Mlambo (Zimbabwe)

FIG Working Week 2023 Protecting Our World, Conquering New Frontiers Orlando, Florida, USA, 28
May—1 June 2023


https://scihub.copernicus.eu/

radiometric distortion occur as a result of SAR's ability to see the topography from the side. The
geometry has been rebuilt using a DEM and is prepared for geometric correction of terrain
distortions (Akbari et al., 2012). A digital elevation model (1 Arc Sec SRTM DEM) is used for
terrain correction in SAR geocode images to correct for geometric errors and provide a map-
projected result. The DEM was downloaded independently for this investigation from USGS Earth
Explorer. The data were reprojected using range doppler terrain correction with WGS84. Layer
stacking is used to combine the before and after flood images using the VVV polarization because it
can identify partially submerged features that help assess flood damage (Rao et al., 2006). The
bands from both scenes are combined in the stacked image, therefore in this case, the red band
from the before flood and the red and blue bands from the after-flood band were utilized to form
the RGB composite. The final image, which was used to produce a flood map as a geotiff which
depicts the flood extent. To evaluate the flood damage, the Sentinel-2 NDVI and NDBI scenes will
be merged with the flood extent map.

4.2 Methodology for Optical

The Sentinel-2 images that were collected from Copernicus Hub, for this study were on Level 2A
and had already undergone radiometric and geometric correction. The atmospheric adjustment was
then performed using Sen2Cor by translating the Sentinel-2 Top of Atmospheric Reflectance into
the appropriate Bottom of Atmospheric adjusted Level 2A products.

4.2.1 Normalized Difference Vegetation Index (NDVI)

NDVI was employed in this work to track changes in plant cover using the downloaded Sentinel-
2 data. An indicator of vegetation greenness used in remote sensing, the Normalized Difference
Vegetation Index (NDV1), is linked to the structural characteristics of plants. NDVI time series
can be used to analyze the majority of vegetation changes (Forkel et al, 2013). The visible and
near infrared portions of the electromagnetic spectrum are used by the NDVI. This is due to the
fact that vegetation, such as forests, exhibits substantial absorption in the red area (0.63-0.69u m)
and increased reflectance in the near IR range (0.76-0.90u m). The distribution of vegetation is
specifically defined by this ratio. The following formula is used to determine NDVI values:
NDVI= (NIR-RED/NIR+RED) The NDVI readings are displayed as a ratio from -1 to +1, with
the majority of the (-) values denoting water and the rest values falling within the negatives
denoting soil/built-up. The categorization considered the variation in NDV|1 values before and
after floods and decided that positive values indicated the presence of vegetation, while negative
values indicated that there was no vegetation present and were represented as No Data values.

4.2.2 Normalized Difference Built-up Index (NDBI)

In this study, built-up cover change was tracked using NDBI and the downloaded Sentinel-2 data
stated above. The NDBI, which has indices ranging from -1 to 1, is one of the spectral indices
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designed specifically for extracting man-made surfaces. The electromagnetic spectrum's
shortwave-infrared and near-infrared frequencies are used by the NDBI. The following formula is
used to determine NDBI values: NDBI= (SWIR-NIR)/(SWIR+NIR). The NDBI values are
displayed as a ratio between -1 and +1; the majority of the (-) values correspond to water, while
the other numbers within the negatives correspond to vegetation. The categorization considered
the variation in NDBI values between before and after floods and decided that positive values
indicated the presence of built-up, while negative values indicated the absence of built-up and
were represented as No Data values.

4.3 Change detection Statistics for Damage Assessment

All of the photos from before and after the floods in this study were processed using the Change
Detection Statistics technique. The flood extent must first be vectorized before the area of interest
is clipped in order to construct the subset raster dataset for the flooded-NDVI/NDBI area. NDVI
and NDBI were generated for each image as part of the differencing approach, and the resulting
images were then used for change detection. This was done to look for changes in the area’s built-
up areas and vegetation after the floods. The major goal of this exercise was to identify regions
that have increased (positive change), decreased (negative change), or remained unchanged. The
Differencing Method formulae: NDVI Differencing = NDVInew — NDV10ld and NDBI
Differencing = NDBInew — NDBIO!d.

4.4 Fusion of Optical and Synthetic Aperture Radar (SAR) data

The generated NDVI1 and NDBI Difference results were fused using feature level fusion with the
vectorized flood extent to extract only the NDVI flooded area and the NDBI flooded area in order
to determine both the positive and negative change. The outcome was divided into three
categories—decrease, no change, and increase—which clearly demonstrated the amount of the
harm. The raster layer unique values report tool was used to collect the statistical values in
respect to the decline, no change, and increase class in terms of hectarage.

The flowchart of the methodology in this study area is shown in Figure 2.
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Figure 2. Flowchart for the workflow

5. Results and Discussion

5.1 Flood Extent mapping

Sentinel-1 images of the pre- and post-flood events were collected to determine the extent of the
flooding episodes under study (Table 1). Water features are distinguished from other features
after pre-processing both images using sigma nought (0) distribution as the backscatter
coefficient. These backscatter values show the non-water class as higher values and the water
class as lower values (Lurist et al., 2017). After thresholding, the research area's water class is
generated. After that, the images were combined by building a layer stack with the help of the
product's geolocation. The investigation region's water class is generated when the edge is joined.
To discriminate between the flooded areas and the permanent water bodies, an RGB composite
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image is produced. The pre-flood image fills the red band for this, and the post-flood image fills
the blue and green bands.

(@) (b)

0 10 20 0 10 20
) Kilometers w1 Kilometers

Figure 5. Showing Chimanimani (a) Pre-flood period, with dark gray color representing the river
channel and (b) Post-flood period, with the red color representing the flooded river channel.

Chimanimani Flood Map FLOOD EXTENT MAP

[0 vector
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Figure 6a. Chimanimani area tropical cyclone flood map. Figure 6b. Vectorized flood extent map.
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This is done such that the flooded areas on the red channel will have a high radar response
because they will land on the pre-flood image, leading to a high backscatter return. However, on
the post-flood image, the flooded areas will have a low backscatter return. The purpose of this is
to make the flooded areas appear in red because they will have high red channel response and low
blue and green channel response, while the surrounding areas where there is no flood appear as
tones of grey with a bluish color because they have low backscatter return in both images, which
means low response in all the red, green, and blue bands. To determine the extent of flooding
caused by the cyclone, water features of the flooding were mapped, and the results were
compared with permanent water bodies. The flooded area in comparison to non-flooded area is
shown on Figure 5 whilst the Chimanimani flood map is clearly depicted in Figure 6a. The
flooded areas are then vectorized by exporting the map of the affected area as a geotiff; the vector
map is depicted in figure 6b.

The red tones symbolize flood surfaces where the water has totally flooded, while the light pink
tones are typical of humid environments. The distinction of flooded areas is best when the
polarization is chosen correctly (Klemas, 2015). The findings from our polarization
configurations and the contributions from studies comparing polarizations to monitor flood zones
confirm that the VVV polarization is more effective at delimiting flooded areas (Martinis & Rieke,
2015). It creates well-defined surfaces with the ability to identify partially submerged features,
providing data that VH polarization may not be able to provide because it is predicated on the
terrain's heterogeneity and roughness (Manjusree et al., 2012).

The validation of the flood extent was carried out by extracting the extent of the flood using NDWI,
which produced results that were identical, particularly with regard to the flooding in rivers and
permanent water bodies. The same SAR method was tested in order to map the flood extent in
Mozambique, and it was successful in doing so.

5.2.1 Impacts of flood on Vegetation using NDVI

NDVI values range from -1 to +1, the non-vegetation class is eliminated from the analysis by
reclassifying before and after flood images. Figure 8 shows the NDVI before and after flood map.
On the basis of the classified image, NDVI Difference is then determined and the results of the
change detection are presented on Figure 9. The five classes used to depict the NDVI Differencing
results above are more increase, less increase, no change, less decline, and more decrease. Although
the flooded areas exhibit the complete opposite, the data indicate that there are often more locations
with vegetation that has somewhat increased than those shown by the "less increase™ class. The
places with a greater loss of vegetation, in particular, are depicted as having vegetation inside of
flooded areas. The sentinel-1 resultant vectorized image showing the flood extent is merged with
the Sentinel-2 NDVI change image. This gives us the flooded area NDVI change layer as shown
in Figure 10 below.
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Figure 8. Showing (a) NDVI Pre-flood period and (b) NDVI Post flood period.

The change detection statistics are calculated based on the extracted flooded NDVI change area
with reference to the changes represented in the figure above. The more decrease and less
decrease are classified as negative change, the less increase and more increase as positive change
while no change remains the same. The results are shown in Table 2.
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Figure 9 (a) Shows the NDVI Change Detection for cyclone Idai flooding event and Figure 9 (b).
showing the flooded area NDVI change scenes.
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Table 2. Change detection statistics for vegetation

Class Area % Change
Positive change 236.57 Ha 5.98

No change 4.33 Ha 0.11
Negative change 3716 Ha 93.91

According to the table, the class of depleted vegetation is exhibiting the highest change, with a
change of 93.91 percent, compared to vegetation that saw no change as a result of flooding, with
a change of 0.11 percent. The 5.98 percent margin represents the vegetation that changed more
than average. The estimation of the damage and loss experienced in terms of vegetation is
93.91% which corresponds to 3716Ha of negative change. This means then that almost all the
vegetation that was mainly along the river beds was damaged by the flash floods experienced
during cyclone Idai among other flooded areas. The no change and positive change representing
no damage, corresponds to some vegetation that adapts to flood such as a number of tress like
acacia and mopane and some rice plants which flourish with too much water present.

5.2.2 Impacts of flood on built-up areas using NDBI

There was a need to exclude the non-built up areas from the differencing process, hence any feature
which corresponded to non-built up was assigned no data value. The image that results is utilized
to determine the NDBI Difference. Figure 8 below shows the results of the change detection
calculations for the Cyclone Idai flood occurrences.
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Figure 12a. Showing NDBI change and Figure 12b. Showing the flooded area NDBI change
scenes

The figure 12a above shows the NDBI change for periods between before and after flood. The
results indicate that, there has been a significant decline in built-up, no change regions and a less
pronounced increase in built up areas. The sentinel-1 resultant vectorized image showing the
flood extent is merged with the sentinel-2 NDBI change image. This gives us the flooded area
NDBI change layer as shown in Figure 12b. The following table was created with reference to
changes that have taken place since the cyclone Idai flood event using the change detection
statistics in QGIS. The no change class stays the same while the more decrease and less decrease
classes are combined to form the negative change class and the more increase and less increase
classes are combined to form the positive change class. The findings of the change detection are
shown in Table 3 below in three groups for positive change, no change, and negative change.

Table 3. Change detection statistics for built-up areas

Class Area % Change
Positive change 233.60 Ha 20.56
No change 581.58 Ha 51.19
Negative change 320.98 Ha 28.25

The findings from this study, demonstrate that indeed floods have an effect on built-up areas. The
positive change in built-up areas, of hectarage as 233.60Ha, giving us an estimate of 20.56 percent.
This damage presented by 28.25 percent is explained by the houses, bridges and roads that were
swept away by water. No change which has a highest representation of 51.19 percent, shows us
that vast areas which were made up of infrastructure were not affected by flood, hence the structures
are still intact. The positive change however, could mean those buildings that were immediately
erected after flood for resettlement and also a few drawbacks of using NDBI such as noise due to
some barren ground particularly uncultivated arable land which may have similar spectral response
patterns. According to the Government of Zimbabwe data by Chatiza (2019), 61.5% of dwellings
in Chimanimani were damaged. Since a variety of elements, such as landslides, wind, stones
falling, and water, contributed to the damage to homes in Chimanimani. We therefore conclude
that 28.25% of the 61.5 % of damaged dwellings in Chimanimani were caused by flood.

6. Analysis of Results

The storm left a path of destruction causing the deaths of people as well as significant damage to
crops, livestock, and property. Road infrastructure was grossly damaged with above 90% of road
networks in Chimanimani and Chipinge damaged and 584 km of roads being damaged by
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landslides. Bridges were also swept away. The shortage of fit for human habitation land has forced
some people to settle along waterways that are prone to landslides and there is also apparent stream
bank farming around many rivers and river sources (Munsaka et al, 2021). The building materials
commonly used for construction of walls and roof of houses in rural areas are clay, sand, bamboo,
grass, reeds, timber and stone. These can be easily washed away by floods especially if built along
waterways. On the other hand, bridges and roads which also fall under the category of built-up
areas were constructed using steel, concrete, stone and asphalt, had several of them washed away
by the flood due to the pressure caused by the flood. There is also an issue of degraded land
observed in soil compaction, increased run-off, loss of soil fertility, and decrease in vegetation
cover which cause low river volumes thus increasing the vulnerability to flooding and landslides
(Munsaka et al, 2021). According to assessment by the Environmental Management Agency
(EMA) in 2009, areas affected by water were mainly located in floodplains, along waterways and
on steep slopes. This was evident as presented on the flood map on figure 6 which shows that flood
was mostly along the river course. Extreme seasonal changes in monthly rainfall occur in
Chimanimani, which accounts for cyclone Idai's appearance in March 2019 as one of the anomalies.
People in Chimanimani district have most of their planting and irrigation close to the rivers, these
are plants such as bananas, yam, maize and some tea estates were negatively damaged by the floods.
There was also a case of insects which came as a result of the flood that destroyed a certain maize
field. According to my research, of the total area of Chimanimani district which is 3,450.15km2,
about 5882.32Ha was submerged under water during cyclone.

7. Conclusion

The study’s main objective was to evaluate the damage and loss which came as a result of flooding
in Chimanimani district due to tropical cyclone Idai in March 2019. This was achieved by using
Sentinel-1 SAR data to map the flood extent and Sentinel-2 data to determine the vegetation and
built-up affected by flood. For analysis, this was later combined through feature level fusion to
determine the damage and loss on the flooded areas only. A lot of vegetation was affected by
cyclone Idai compared to the infrastructure that was destroyed by the cyclone. The rehabilitation
efforts, as explained before, should target first those inhabitants along waterways and on
floodplains as they were the most affected by floods. Particularly vulnerable to flooding were the
Ngangu, Kopa, and other residential areas, which were exposed more than other regions (Munsaka
etal, 2021). A key factor in lessening a community's vulnerability to disasters is the town planners
and local institutions' ability to do their duties. The capacity of communities to prepare for and
respond to flooding is increased by climate risks education and awareness. This research is unique
in that it has distinguished between the loss and damage brought on by Cyclone Idai’s flooding
events compared to those that considered it in general. There were however, limitations due to the
image’s resolution which made it difficult to assess damage per each vegetation type and built-up
class in particular which I would recommend the other researchers to further the study by focusing
on the specifics given higher resolution imagery.
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