
Chapter 14
Application of Remote Sensing
and Geographic Information System
Techniques to Flood and Rainwater
Harvesting: Case Study of Sennar, Sudan

Mohamad M. Yagoub and Sharaf Aldeen Mahmoud

Abstract Construction of the Grand Ethiopian Renaissance Dam will have positive
and negative impacts on the people living downstream. Among possible impacts is
the probability of flooding of human settlements along the Blue Nile. Reduction of
water level is also a possible adverse effect of this dam on the agricultural schemes
along the Blue Nile; the Gezira scheme, one of the largest irrigation projects in the
world, could be affected by such reduction.

The objective of this study is twofold. The first objective is to identify cities and
villages near the Sennar Dam (in Sudan) that may be affected by potential fluvial
(river) floods. The location of the study area near the dam exposes it to a probable
dam problem and, consequently, societal, environmental, and economic damages.
Therefore, identifying vulnerable locations is crucial for reducing risk to lives and
properties, for preparing contingency action plans, and for making the area more
resilient. The second objective is to select rainwater-harvesting (RWH) sites that can
be used for water-supply backup while minimizing possible water-level reduction.
The use of remote-sensing and Geographic Information System (GIS) techniques in
this study has enabled access to unique sources of information to better characterize
hazards and risks.
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14.1 Introduction

A large number of cities and villages in Sudan were impacted by fluvial floods
during August–September 2020 (UNITAR, 2021). More than 80 people died and
380,000 were affected (FloodList, 2020). Water levels in the Blue Nile are higher
than those in 1906 and close to the 1988 levels. This situation has created an urgent
need for identifying potential areas that could be flooded in the future.

Global efforts that integrate remote sensing and a Geographic Information Sys-
tem (GIS) to create flood maps as preventive tools are increasing (Prinos, 2008;
Wright, 2014). For example, in the U.S., the Federal Emergency Management
Agency creates interactive maps for flood hazard or risk. Such maps support
community resilience by providing data, building partnerships, and supporting
long-term hazard-mitigation planning (FEMA, 2020). The UK Environment Agency
(2020) provides real-time maps that show fluvial-flood risks. The Global Flood
Awareness System (2020) of the European Commission Copernicus Emergency
Management Service has an early-warning system that can be used to reduce flood
impact. Other initiatives include the Global Flood Partnership, which provides a
worldwide forum for exchange of experience about flood prediction, modeling, and
flood risk (Global Flood Partnership, 2021). The United Nations Office for Disaster
Risk Reduction (2021) plays a greater role in coordinating and following up with
governments on implementation of the Sendai Framework. Accordingly, our study
falls within the context of “Think globally, act locally.”

The study area includes the Sennar Dam, which is exposed to a probable flooding
in case there is a problem at the Grand Ethiopian Renaissance Dam (GERD).
Previous studies around the world have showed the potential risk of dam failure
due to natural disasters or inadequate maintenance and management (Butt et al.,
2013; Cenderelli, 2000; de Paiva et al., 2020; FEMA, 2013; Finn, 2008; Harrigan
et al., 2020). Types of dam failure include dam body instability, canal gushing and
soil flow, dam cracking, dam overtopping, and pilot-system failure (Escuder-Bueno
et al., 2016; Kuo et al., 2007; Michailidi & Bacchi, 2017; Micovic et al., 2016; Yang
et al., 2020). Discharge from a dam is governed by the maximum reservoir water
level, reservoir capacity, and maximum discharge capacity. The seasonal variation in
Blue Nile discharge ranges from 60 m3/s in a very low year to >10,000 m3/s at the
peak of a high flood (Plusquellec, 1990).

Floodwater can be used to enable communities to make smart water-management
decisions even during times of relative water abundance. Flooding can help resurrect
wetlands and slow down climate change. Rainwater harvesting (RWH) includes
gathering and storing rainwater to be used for drinking, irrigation, and livestock
(Abdulrazzak, 2003; Awawdeh et al., 2012; Critchley et al., 1991; Galarza-Molina
et al., 2015; Gould and Nissen-Petersen, 1999; Jha et al., 2014; Singh et al., 2016;
Tiwari et al., 2018). RWH can also improve sustainability and reduce the impact of
climate change (African Development Bank, 2010; UNEP, 2009). RWH has been
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gaining momentum worldwide. For example, Inamdar et al. (2013) used GIS to
determine suitable locations for stormwater collection in Melbourne, Australia. They
used runoff, open space, and accumulated catchments as criteria. They concluded
that Royal Park ranked high for RWH as it had the largest water demand and the
drainage outlets were close to the site.

Elhag and Bahrawi (2014) performed a study in the Kingdom of Saudi Arabia to
improve RWH in terms of groundwater recharge. They created a spatiotemporal
cloud map for evaluating prior-delineated watersheds that are beneath mostly cloudy
skies all year. They used satellite imagery (EnviSat and Landsat), a digital elevation
model (DEM), and soil-moisture and geological data. Singhai et al. (2017) used a
combination of satellite images, land-use and soil data, and multi-criteria decision
analysis to identify natural depression sites for RWH and found that forested areas
have low-runoff potential whereas built-up areas have high-runoff potential.

Once potential RWH sites are identified, a suitable method can be employed to
store water. Among the methods used are bound or terrace practices in areas with
low-infiltration soil, small dams, micro-catchments, and haffirs. A haffir is an
artificial excavation into which surface-water runoff is diverted during the rainy
season. Its size depends on the location, hydrology, soils, and rainfall (Salih et al.,
2016).

14.2 Study Area

The area around Sennar city was selected because of the availability of data, location
of Sennar Dam (~260 km south of Khartoum), and the importance of the dam to the
Sudanese economy (Gezira irrigation scheme).

The area includes Sennar and many other villages. Historically, the city of Sennar
has been known as a major hub since the era of the Funj Chronicle (1504–1821). The
city is at lat 13.539510 N and long 33.611298 E and is within UTM Zone 36 N, with
an average altitude of 434.87 m (Fig. 14.1). The area includes schools, a university,
hospitals, administration offices, and many banks. Most of its population (~1.5
million) depend on trade, agriculture, livestock, and services.

The average temperature in winter is 25 �C; in summer, it is 40 �C. The rainy or
wet season in the study area starts in May and ends in October.

Flooding in the Blue Nile commences in May and reaches its climax during
middle to late August–September. The average monthly rainfall (based on the period
2016–2019) ranges within 20–100 mm and reaches its maximum during August.

Built on the Blue Nile, the Sennar Dam was completed in 1925. Its main objective
is to supply water for the Gezira irrigation scheme (Bernal, 1997). Its total storage
capacity is 930 million cubic meter (Roseires Dam reservoir holds 3 billion cubic
meter). The Sennar Dam is 3025-m long with a maximum height of 40 m. Two
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canals with numerous branches (4300 km) are used to irrigate the Gezira and
Managil schemes. The minimum level in the reservoir to maintain maximum flow
in the Gezira canal is 417.2 m while the top water level of the reservoir is 421.7 m
(Plusquellec, 1990). A road and a rail route run along the length of the dam (The
Engineer, 1924).

GERD is physically not within the study area, but its impact is the main objective
of this study. The GERD has a planned full supply elevation of 640 m, 74 billion
cubic meter of reservoir storage, and 6000 megawatt of installed generation capacity
(Wheeler et al., 2016). The benefits of GRED could be in reduction of the flooding
risk to Sudan, reduction of sediment in the river, reliability of flows, hydropower
benefits, improved depth for navigation and reduced pumping costs for water users
(Wheeler et al., 2016). However, on the other side GERD may reduce downstream
water availability, impact on agriculture in Sudan, reduce land fertility due to the
reduction of nutrient-rich sediment, and possible environmental impacts (Beyene,
2013).

Fig. 14.1 Location of the study area
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14.3 Data

Data collected to identify settlements at risk and suitable RWH locations are shown
in Table 14.1.

14.4 Methodology

The methodology for identifying potential areas that can be impacted by fluvial
floods was based on land-use and elevation data, the topographic wetness index
(TWI), and proximity to Blue Nile (1–3 km). Five experts were consulted for setting
the weight for each factor. Based on their recommendations resulting from their use
of the Analytical Hierarchy Process (Saaty, 1980; Teknomo, 2020). Land use,
elevation, TWI, and proximity to Blue Nile were assigned the weights of 0.2, 0.2,
0.3, and 0.3, respectively. All data were saved in raster format, and ArcGIS software
was used in the subsequent analysis. Values in each layer were coded to a common
scale of 1 (very low risk) to 5 (very high risk), and a weighted overlay was generated
for all the layers. The result was classified into high, medium, and low-risk zones,
and the number of people in each zone was calculated.

Land-use map generated using the Sentinel-2 satellite image of May 22, 2020 was
one of the inputs. Sentinel-2 satellite data has a better resolution (10 m for Bands
2, 3, 4, and 8) than Landsat 8 (30 m). The month of May was selected because it is
summertime and hence less cloudy. Bands 2 (blue), 3 (green), and 4 (red) were
merged to generate a composite image. The ISO cluster unsupervised classification
method was used to create a signature file, which is used to aid supervised classifi-
cation. Training sites for barren (30 samples), built-up (40 samples), farms (30 sam-
ples), gardens and orchards (30 samples), and water (30 samples) were digitized
using the ArcGIS software. A higher number of training samples was taken for built-
up areas in case of the mixture of buildings with trees. The maximum-likelihood

Table 14.1 Data collected to identify settlements at risk and suitable rainwater-harvesting sites

Data Source Format

1. 30-m-resolution digital elevation
model (DEM)

U.S. Geological Survey Earth Explorer
https://earthexplorer.usgs.gov/

Raster

2. Sentinel-2
Tile Number: T36PWA
Date: May 22, 2020

Copernicus Open Access Hub
https://scihub.copernicus.eu/

Raster

3. Land use Sentinel-2 satellite image Vector

4. Population Sennar Municipality Vector

5. 2-m-resolution DEM from aerial
photos obtained in 2010

Sennar Municipality Raster

6. Monthly rainfall data (2009–2018) World Weather Online
https://www.worldweatheronline.com/

Text
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classifier algorithm was used for supervised classification. To check the accuracy of
classification, 500 points were used. A majority filter (eight neighbors) was used to
smoothen class boundaries and remove small isolated regions. The Boundary Clean
was used to increase the spatial coherency of the classified image and connect
adjacent regions (ESRI, 2017). Small isolated regions on the classified image were
removed by applying the region/group method, which is a generalization process.

The normalized difference vegetation index (NDVI) (Richards, 2013) was cal-
culated from Sentinel-2 data using band 4 as the red band (10-m resolution) and
Band 8a as the infrared band (20-m resolution) (ESA, 2020):

NDVI ¼ Infrared band� Red bandð Þ= Infrared bandþ Red bandð Þ ð14:1Þ

NDVI was used to identify water comprising the Blue Nile. NDVI values were
found to be between �1.0 and 1.0. Negative values represent clouds and water,
while high positive values (0.6–0.8) indicate temperate and tropical rainforests.
Raster calculator was used to identify areas with NDVI values close to 0 or negative
(Blue Nile water).

30-m-resolution DEM was used initially to obtain a quick overview of the
topography of the area. Sinks and peaks within the DEM were removed using the
fill tool. The methodology for identifying potential RWH sites was based on creating
morphometric variables from the high-resolution (2-m) DEM derived from aerial
photographs (Table 14.1). The variables included surface slope, flow direction, flow
accumulation, and TWI. TWI provides information about flood and surface ponding
at a reasonable cost compared to hydrologic and hydraulic modeling (Ballerine,
2017; Beven et al., 1979; Buchanan et al., 2014; Dilts, 2015; Qin et al., 2011;
Wolock and McCabe, 1995; Yagoub et al., 2020). TWI was generated in ArcGIS
software (using the D8 algorithm to model flow into a single downslope cell). TWI
results were passed through a filtering, smoothing, and generalization process similar
to that used for land-use classification. The large sites identified from TWI were
manually digitized for calculation of areas, addition of other attributes, and carto-
graphic output. The sites were further assessed for determining the land-use type
(and whether a site is a vacant land), proximity to Blue Nile, and total area.

14.5 Results

Water (Blue Nile) and soil could not be distinguished in the supervised classification
of the Sentinel-2 satellite image from May 22, 2020 as they have similar spectral
characteristics. The confusion resulted from the brown color of the sediment-laden
river. Generally, every year, rain starts in Ethiopia during April–May and continues
in Sudan until September–October. This indicates that it is difficult to classify Blue
Nile water for almost 6 months during most years. To address this problem, NDVI
data were derived and water was identified as having negative NDVI values. Then,
the water was used as training samples. This method achieved better results than
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taking training samples from water without the use of NDVI. The NDVI values for
the May 22, 2020 image ranged between �0.49 and 0.79.

Table 14.2 shows the confusion-error matrix. Classification accuracy of the land-
use map is 95.6% and Kappa statistic is 0.92; the classification accuracy meets the
recommended accuracy of�85% suggested by Foody (2002). A large portion of the
area (77%) is classified as farmland and fallow fields (Table 14.3); this includes
agricultural schemes in Eastern Sennar and part of Gezira. Built-up areas were
assigned a high flood-potential value (scale of 5) while barren areas were given
low values (Table 14.3).

Elevation is an important parameter in describing floodwater. The elevation in the
area ranges within 405–436 m above mean sea level (Fig. 14.2; Table 14.4). Low
and very low areas comprise 10% of the area (Table 14.4). The Blue Nile was
masked, and its elevation was found to range within 405–428 m (Fig. 14.2). Because
this shows reservoir-water-level height downstream and upstream from the dam, the
difference in height can be used for calculating the storage volume of the dam (Butt
et al., 2013). The obtained value of 428 m may represent islands inside the reservoir,
given that the water level of the reservoir is kept at 421.7 m.

There are 11 villages and seven districts within Sennar city (population: 32,950)
that fall within the high flood-potential zone (Table 14.5; Figs. 14.3 and 14.4), which
includes 37 mosques, 36 schools, eight clinics, and one church. This indicates that a
large number of people and infrastructure may be impacted by potential fluvial

Table 14.2 Confusion matrix

Class Barren
Built-
up Farms

Gardens and
orchards Water Total

User’s
accuracy

Barren 58 9 1 68 0.852

Built-up 38 38 1.0

Farms 2 3 326 331 0.984

Gardens and
orchards

4 28 1 33 0.848

Water 2 29 31 0.935

Totals 66 50 327 28 30 501 0.0

Producer’s
accuracy

0.8787 0.7600 0.9969 1 0.9666 0.0 0.956

Kappa 0.92

Table 14.3 Land use as of May 22, 2020

Class Scale Area (km2) Percentage

Barren 2 34 10

Built-up 5 23 6

Farmland and fallow fields 3 271 77

Gardens 4 26 7

Total 354 100
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flooding. The area around Sennar Dam can get flooded if the water at the dam
exceeds the flood level and the inflow is more than the discharge capacity. Further-
more, possible dam failure would affect the Gezira irrigation scheme, which supplies
water to an area of over 882,000 ha where many farmers grow crops (cotton, wheat,

Fig. 14.2 Elevation categories
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groundnuts, and sorghum) and on which traders and livestock depend (Bernal, 1997;
Gaitskell, 1959). Therefore, there is an urgent need for backup plans and scenarios
on how to deal with reduction of water level, flood spill from GERD, or dam failure,
taking into account that the Blue Nile contributes ~57% of the yield of the Nile
(Wheeler et al., 2016). Insufficient water supply in the past (1984–1985) resulted in
the cessation of wheat cultivation in the area (Plusquellec, 1990).

Contributing ~35% of the Gross National Product, the Gezira scheme has been
the backbone of the Sudanese economy for many years.

TWI values in the area range between 1 and 25 (Table 14.6; Fig. 14.5), whereas in
a study conducted in the U.S. (Illinois), TWI indicators were found to range between
�3 and 30 although they varied according to topography (Ballerine, 2017). Higher

Table 14.4 Elevation classes Value
(m) Scale

Area
(km2) Percentage Elevation class

405.1–411.3 5 4 1 Very low

411.3–418.4 4 33 9 Low

418.4–423.0 3 113 32 Medium

423.0–425.9 2 104 29 High

425.9–436.1 1 100 28 Very high

Total 354 100

Table 14.5 Areas at potential fluvial flood zone

Village/district name Flood potential level
Population potentially
exposed to flood

1. Al Tikina Higha 682

2. Al Islahia Higha 135

3. Al Jinina Higha 3432

4. Karima Abdel Rasoul High 1483

5. Karima Bahar High 2168

6. Al Arakeen High 2318

7. Banat High 305

8. Neel District (Sennar city) High 3228

9. Gala East District (Sennar city) High 4418

10. Taktok District (Sennar city) High 1804

11. Morba 22 and 23 district (Sennar city) High 2749

12. Soug District (Sennar city) High 156

13. Morba 21 South District (Sennar city) High 1458

14. Morba 21 North District (Sennar city) High 1769

15. Sharif Bajboj High 1747

16. Kasab Grabi High 2282

17. Kasab Jaleen High 1545

18. Kasab Danagla High 1271

32,950
aAreas at higher risk because they are downstream from and close to the dam
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TWI values occur where greater upslope areas drain into a gentle local slope, and
lower values indicate less potential for ponding (Wolock & McCabe, 1995). Based
on TWI values, the threshold value for TWI to be classified as potential RWH sites
was set to 12. This threshold value is set manually with the aid of symbolization and
may vary from one region to another depending on topography. Thus, TWI values of

Fig. 14.3 Areas in potential fluvial-flood zone
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>12 are assigned high scale values (Table 14.6; Fig. 14.5). Seven potential RWH
sites were identified using TWI as the main criterion (Fig. 14.6). Sites 1–4 are close
to the Blue Nile and can be conserved as ponds, wetland, or floodplain areas to divert
water in case of fluvial flooding. Site 6 (Table 14.7; Fig. 14.6) has the largest area,
but it is not suitable for RWH because it is surrounded by built-up areas, and the site
can be used for future expansion of the city. Sites 5 and 7 are best for RWH and
should be further assessed in terms of soil and ownership. The haffir method is
proposed for potential RWH sites because it is less expensive. In addition, trees can
be planted around such RWH sites. Check dams, which are small dams constructed
across a valley or channel to lower the velocity of flow and to recharge groundwater,
are also recommended to be constructed in valleys or khors. (Sandbags filled with
pea gravel and logs can be used.).

Fig. 14.4 Settlements within 2 km of Sennar Dam

Table 14.6 Topographic
wetness index values

Value Scale Area (km2) Percentage

1–7 1 122 34

7–9 2 99 28

9–12 3 75 21

12–15 4 49 14

15–25 5 9 3

Totals 354 100
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Fig. 14.5 Topographic wetness index values
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Fig. 14.6 Possible rainwater-harvesting sites

Table 14.7 Possible rainwater-harvesting sites

Site number
Area
(km2) Percentage

Distance from Blue Nile
(km) Potential use

1 0.8646 8.39 1–2 Floodplain areas

2 0.5521 5.36 1 Floodplain areas

3 0.8676 8.42 1 Floodplain areas

4 1.6019 15.54 1 Floodplain areas

5 0.3306 3.21 2–3 Rainwater harvesting

6 4.1412 40.17 2–3 Excluded

7 1.9520 18.93 2–3 Rainwater harvesting

Total 10.3101 100
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14.6 Conclusion

In this study, settlements at a potential fluvial flood around Sennar Dam in Sudan
were identified. The obtained results require further evaluation but can be used as a
general guide for a sudden dam breach, insurance, impact assessment, emergency
management, and developing effective flood plans. Seven possible RWH sites were
also delineated. These sites will increase the coping capacity of the population with
respect to shocks produced from rainfall variation and reduction of water flow due to
GERD construction. The sites can be used for agriculture, livestock, and other
purposes, and they will have a positive socioeconomic impact on the livelihoods
of the inhabitants. The accuracy of the obtained results is affected by the population
count and the accuracy of the land-use classification and DEM. TWI results depend
on the DEM cell size, slope algorithm, flow-direction algorithm, and errors during
either the acquisition or processing of aerial photographs.

The main causes of fluvial floods in Sudan during August–September, 2020 were
high water level and building construction along the banks of the rivers. The
buildings near the banks narrowed the rivers’ width and altered their natural flow.
Therefore, urban planning needs to take this into account, and collaboration and
coordination among various stakeholders is needed (dam managers, urban planners,
civil-defense officers, climate specialists, etc.). Furthermore, public awareness about
flood hazards is very important. Future study could include using hydraulic and
hydrological models to generate water-surface profiles for a given flood event (such
as a 50-year flood), to determine the height of water across the river at a given
location, to characterize the propagation of flood waves, and to map effects in the
valley downstream from the dam structure. Similar studies can be conducted
concerning the multipurpose Roseires Dam.
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