
Chapter 13
Flash Flood Modeling and Mitigation
in Arid and Semiarid Basins: Case
Studies from Oman and Brazil

Mohamed Saber, Sameh A. Kantoush, Mohammed Abdel-Fattah,
Tetsuya Sumi, Jose Andres Moya, and Karim Abdrabo

Abstract The behaviors and impacts of flash floods (FF) are different based on the
climatic regions. To understand such difference, two case studies were selected for
the analysis: Wadi Uday, Oman and Sume Basin, Paraiba, Brazil. The
rainfall-runoff inundation model (RRI) was used to simulate the discharge and flood
inundation of the recent flood events to understand the severity and frequency of
flash floods to better assess the current mitigation measures. The current FF situ-
ations in arid and semiarid basins were analyzed, and the hazards associated with
flood phenomenon were assessed for various calculated rainfall return periods using
RRI model. To this end, a flash flood index (average water depth per total basin
area) was calculated as a basis to understand the impact of flash floods. A coupling
of this index with the FF histories was included to provide a comprehensive
overview of the FF vulnerability of arid and semiarid basins. We concluded that
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FFs tend to be more severe and extreme in arid regions than in semiarid regions,
despite the lower frequency of FFs and the water scarcity in arid regions.
Distributed dams also proved to be more effective in preventing FFs in arid regions
than in semiarid regions.

Keywords Wadi flash flood � Arid and semiarid basins � Mitigation measures �
Hydrological modeling � Flood index � Concentrated and distributed dams �
Oman � Brazil

13.1 Introduction

However, arid and semiarid areas make up approximately one-third of the total area
of the world, and there are implications caused by the expansion of urban regions
due to the increase in population (Huang et al. 2016; Metzger et al. 2020) that
consequently lead to intensified flash flood risks. Despite this, previous studies
addressing flash floods in these regions are still limited. A spatiotemporal analysis
of rainfall variability over the Middle East and North Africa (MENA) region
showed high spatiotemporal variability over the region in terms of the frequency
and intensity of flash flood events (Saber et al. 2017, 2020). Additionally, the
maximum rainfall in storms and the number of extreme rainfall events will increase
in the future (Tanaka* et al. 2020), leading to higher risks of wadi-related flash
floods in such regions.

The lack of high-quality data on wadi flash flood events in both arid and
semiarid regions hinders efforts to mitigate flooding risks (Abdrabo et al. 2020;
Chimnonyerem n.d.; Wheater et al. 2007; Rogger et al. 2014; Saber and Habib
2016; Abdel-Fattah et al. 2017; Saber et al. 2010). Most previous studies have
mainly focused on arid or semiarid case studies separately; however, a few previous
studies have focused on both regions. Therefore, understanding the difference
between arid and semiarid regions as well as assessing the flash flood risks using
distributed hydrological models is crucial for better flood risk reduction and
proposing proper mitigation measures in such regions.

Flash flood hazards and risk assessments have been discussed in some previous
studies in arid and semiarid regions, and these studies have addressed the impact of
extreme rainfall variability in urban regions (Pathirana et al. 2014; Saber et al.
2020). However, the optimal methods for managing flood hazards in both regions
are not very clear. The challenges of applying the concept of flood-risk management
in practice might be attributed to the lack of proper planning approaches that take
the flood issues into account or the lack these approaches being used in practice.
The uncertainty of using floodplain mapping to efficiently capture the likelihoods of
losses of property and human lives has caused real problems for local communities.
In many cases, structural mitigation measures in arid and semiarid regions are not
always optimum solutions. The core problem, as summarized in a World Bank
report (Jha et al. 2012), is that poorly designed and managed urbanization
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contributes to the growing flood risk due to unsuitable land-use changes. Urban
expansion often occurs in a pattern of unplanned development in flood-prone
regions (Huang and Shen 2019; Abdel-Fattah et al. 2017).

Flash floods have been highlighted in the twenty-first century for the damage
they have caused, particularly in the more arid regions of the world, as climate
change intensifies. In northern Brazil, for instance, which is the most populated
semiarid region in the world (Cutter et al. 2013) at 30 million people, a sizeable
portion of the population lives at risk due to flash floods (Alcantara et al. 2013).
Families often must walk several kilometers every day to obtain water, which
increases their vulnerability (Lindoso et al. 2018; Lindoso and Filho n.d.). On the
other hand, Oman has experienced major flash floods, such as the Gonu Cyclone in
2007, which caused 4 billion USD worth of infrastructure damage and 49 deaths
(Wang and Zhao 2008). It was stated that urbanization in Wadi Uday within this
time period (1960–2003) was dramatically increasing (Al-Rawas 2011, 2013). Such
urbanization expansions contribute directly to increasing the disastrous impacts of
flash floods. In addition, there is a lack of substantial research focusing on flash
flood disaster impacts and mitigation measures in both arid and semiarid basins. In
the Sume Basin in the State of Paraiba, Brazil, the areas of corn and bean planta-
tions, which account for the economic sustainability of many residents, have also
increased in recent history. In addition, water has become increasingly scarce,
which has placed increased importance on dams and flood mitigation measures. In
light of this, the government has set up websites that make real-time measurements
of the fullness of reservoirs.

The main objective of this study is to holistically compare arid and semiarid
basins, considering characteristics such as the climate, aridity, hydrology, etc., of
the two types of basins in addition to understanding flash flood phenomena in
selected basins in Oman and Brazil. With this framework, a hydrological
rainfall-runoff model was applied to assess the flood hazard levels based on cal-
culations of the flood index (average water inundation depth per basin area).
Abdel-Fattah et al. (2021) studied flash floods in wadi systems considering different
scenarios of mitigation measures, stating that both distributed and single dam
structures each have some advantages and disadvantages depending on the pur-
poses and objectives of the proposed dams. Therefore, this study also compared the
efficiency of different mitigation measures for flash floods, considering both con-
centrated and distributed dam scenarios to evaluate which scenario is more
advantageous for the region from a comprehensive perspective.

13.2 Comparison Between Arid and Semiarid Basins

Approximately one-third of the land in the world is deemed to be arid or semiarid
according to the Food and Agriculture Organization (FAO) of the United Nations.
Both climate types are characterized by severe drought and rare precipitation (Lin
1999) and are generally vulnerable to flash floods. The two regions were compared
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and summarized as shown in Table 13.1. Arid and semiarid basins were compared
in terms of hydrology, climatology, precipitation, and geomorphology. This com-
parison covered many aspects as follows: temperature, annual average rainfall,
evaporation, the aridity index, global land area, annual runoff depth, mitigation
measures, infiltration rate, drainage density and vegetation cover. There is a
long-standing perception that intense rainfall-runoff events are more common in
semiarid regions than in arid regions despite a lack of documentation. Arid and
semiarid areas typically lack the vegetation cover, mature soil profiles, and humus
layers that generally intercept and store precipitation, enhance infiltration and
attenuate storm runoff in areas with moist climates. Compared with semiarid cli-
mates, sparsely vegetated soils in arid areas are commonly thin or absent and
exhibit low rates of infiltration of rainfall due to soil-particle compaction by rain-
drop impacts (Anon 2000). Drainage density factor values in arid climates are
typically regarded as low (<4 km/km2), while those in semiarid regions average
approximately 10 km/km2, indicative of the maximum event runoff, short distances
to drainage ways, and high potentials for high-magnitude discharge event
(Knighton 1984).

13.2.1 Climate Conditions

Both arid and semiarid basins are affected by drought and very infrequent rainfall
coupled with high temperatures (Lin 1999). Records indeed show the existence of
prolonged drought periods that can extend for several years in some cases, as
evidenced in. Oman is no exception, with potential evaporation that ranges from
2,000 to 3,000 mm and temperature varying from 3 °C in the mountains in winter

Table 13.1 General comparison between arid and semiarid areas

Type Semiarid Arid

Temperature (°C) 23–27 45–48

Annual average
rainfall (mm)

200–400 <200

Evaporation (mm) 2,000 2,500–3,000

Aridity index (AI) 0.2 < AI < 0.5 AI < 0.2

Global land area 17.70% 12.10%

Annual runoff depth
(mm)

10–50 <10

Mitigation measures Flood protection
dams

recharge
dams

Storage dams, groundwater
recharge dams

Infiltration >Arid regions <Semiarid regions

Drainage density <4 km/km2 10 km/km2

Vegetation cover >Arid regions <Semiarid regions

Source (Data source): Moya et al. (2017)
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to temperatures exceeding 45 °C and reaching up to 48 °C in summer. In Brazil,
annual average temperatures usually range from 24 to 26 °C, and temperatures
exceed this range in places where the altitude is below 200 or, in some cases, 300 m
(Malveira et al. 2012). However, climate change is making temperatures higher; in
the last 41 years, maximum temperatures in the Northeastern Region of Brazil have
increased from 1.5 to 2 °C (F. Lacerda Meteorology-ITEP). For the Sume Basin,
average annual temperatures vary from 23 to 27 °C, with daily temperatures having
a 10 °C range of variance (Alcantara et al. 2013). The aridity index was calculated
for each basin according to UNEP by the following formula:

AI ¼ P
PET

ð13:1Þ

where P stands for the average annual precipitation and PET is the potential
evapotranspiration. The AI was calculated to be 0.036 for the Wadi Uday basin and
0.25 for the Sume Basin.

13.2.2 Precipitation

Precipitation in arid and semiarid areas tends to present high variance (Geber et al.
2008) and randomness factors. In Wadi Uday, the rainy season occurs from
November to April in winter and is often caused by thunderstorms, while the dry
season occurs in summer from May to October, during which large rainfall events
still sparsely occur (Ministry of Regional Municipalities and Water Resources
2009). According to the Ministry of Regional Municipalities and Water Resources,
the annual average rainfall measured from 1995 to 2008 was 90 mm. Oman has
been the subject of many tropical cyclones that often develop in the Arabian Sea,
causing heavy rain and floods (Saleh and Al-Hatrushi n.d.), as evidenced in
Fig. 13.1. Records also show the existence of prolonged drought periods, as
exemplified in, which can extend for several years in some cases. Rainfall vari-
ability is very high in Oman, with the average yearly rainfall ranging from 76.9 mm
in the interior of the country to a high of 181.9 mm in the Dhofar Mountains,
according to data collected from 1997 to 2003 (Kwarteng et al. 2009).

The average annual rainfall in the Sume Basin tends to vary from 550 to
600 mm based on the last 50 years of measurements. The semiarid climate in this
basin is characterized by irregular rainfall and a clear divide between two seasons:
the dry season, which ranges from June until January, and the rainy season, which
extends from February until May. The region is well-known for its remarkable
rainfall intensity variability associated with the low total annual rainfall values that
characterize much of the Northeastern Region of Brazil (Silva et al. 2007).
Especially due to the Intertropical Convergence Zone (ITCZ), there is high rainfall
variability in this region; along the coast, the annual average rainfall surpasses
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1,000 mm, while toward the backland, the average hovers at approximately
500 mm (Silva et al. 2007).

The PERSSIAN CDR data (Ashouri et al. 2015) from 1983 to 2019 were
analyzed for both countries, and we found that the annual trend of rainfall in Brazil
is decreasing, but in Oman, it is slightly increasing. The maximum annual average
rainfall over Oman is limited to less than 200 mm/year, but in Brazil, it is over
2,000 mm/year (Figs. 13.2 and 13.3).

13.2.3 Flash Floods in Arid and Semiarid Basins

Flash floods are defined as floods that rapidly develop within a very small amount
of time, usually a few minutes or hours, due to excessive rainfall (Abdel-Fattah
et al. 2015). There are many types of floods that are very destructive with different
features and characteristics, such as coastal flooding of land areas around coasts due
to high tides and/or heavy rainfall; river flooding where the water level surpasses
the top of a riverbank due to excessive rainfall; urban/pluvial flooding, which
occurs in urban areas due to heavy rainfall, exceeding the capacity of the drainage
systems; and reservoir flooding, which occurs as a result of dam failures.
Additionally, wadi-related flash floods occur in catchments, urban areas or both due
to extreme rainfall events in most cases. With climate change in recent years, flash
floods have intensified; in Oman, for instance, major flash floods occurred in 1989,
1997, 2002, 2003, 2007, 2010, 2015 and 2016, as shown in Table 13.2. There are
some other common characteristics of flash floods in arid and semiarid areas, such
as the difficulty of forecasting flash floods due to the suddenness of flash flood
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occurrences, the scarcity of data, and the area distribution being statistically random
(Lin 1999). In Brazil, many flash floods are caused by the breakage or spilling of
dams or levies. Flash floods can also carry downed trees, boulders, and debris along
wadi beds to alluvial fans, as is often seen in many wadis, such as Wadi Uday and
Wadi Samail (Al-Rawas 2013).
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Fig. 13.2 Annual average precipitation from PERSSIAN-climatology data over Brazil: a time
series annual average, b total average from 1983 to 2019. Source data Ashouri et al. (2015). For
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13.2.4 Current Mitigation Measures in Arid and Semiarid
Basins

Mitigation measures for flash floods have played an increasingly pivotal role in
recent years, with the intensification of flash floods coupled with urban expansion
into flood-risk areas (Abdel-Fattah et al. 2021; Al-Rawas 2013). Partially stemming
from this, the Omani government created a seven-dam project in the Wadi Uday
basin. This study considered the similar conditions of the seven dams, as shown in
Fig. 13.4 and Table 13.3.
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Flash flood measures in arid and semiarid areas can mainly be divided into 2
categories: structural and nonstructural measures, as shown in Table 13.4.
According to the Ministry of Regional Municipalities and Water Resources
(MRMWR), the established dams in Oman are not limited to flood protection dams
but also include groundwater recharge and storage dams. In Wadi Uday basin, for

Table 13.2 History of flash floods in Oman

Year Location Began Ended Duration
(days)

Missing Displaced Area
(km2Þ

1989 Muscat 14
Sept

16
Sept

3 2 NA 72,160

1997 Dibba 21
June

23
June

3 4 NA 21,980

2002 Salalah 10
May

12
May

3 9 100 9,460

2003 Nizwa Muscat/
Muscat, Dhofar

14
April

19
April

6 30 NA 23,060

2005 Batinah Nizwa
Musandam

01
March

23
March

23 7 700 489,000

2007 Muscat 06
July

12
July

7 61 60,000 373,000

2010 Muscat May
31

June 6 7 24 NA 150,000

2015 Masirah Island/
Muscat

8 June 12
June

5 105 50,000 50,000

Source Moya (2017)

Fig. 13.4 Dam locations in the Wadi Uday basin. Source Moya (2017)
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instance, after the destruction caused by the Gonu Cyclone, 16 dams were exam-
ined for a project to build 7 flood protection dams (currently, only one has been
built). In Brazil’s case, the main mitigation measures mainly consist of flood-risk
maps and evacuation measures as well as storage reservoirs of various sizes
(Malveira et al. 2012). Although there are tens of thousands of storage dams in the
Northeastern Region of Brazil, only some of these storage dams have flood miti-
gation functions.

Table 13.3 List of dams and their characteristics in the Wadi Uday basin

Dam
ID

Dam name Dam
height (m)

Dam
coordinates

Dam type Reservoir storage
volume (106 m3)

B15 Al Amerat
Heights

22 Lat: 23.54°
Long:
58.49°

Embankment 22

G2 Wadi Uday
Gorge

45 Lat: 23.58°
Long:
58.52°

Embankment 26

B6 Al Jufainah 28 Lat: 58.5°
Long:
23.45°

Embankment 16

B7.2 Al Humaniyah 58 Lat: 23.36°
Long:
58.36°

Concrete 8.6

B4.1.1 Madinat Al
Nahdah N

16 Lat: 23.46°
Long:
58.42°

Embankment 4

B4.1.2 Madinat Al
Nahdah S

20 Lat: 23.44°
Long:
58.43°

Embankment 6

B16 Al Mahag 18 Lat: 58.5°
Long:
23.46°

Embankment 5

Source data Ministry of Regional Municipalities and Water Resources, Oman

Table 13.4 Structural and nonstructural measures for flash flood mitigation

Structural Nonstructural

Improve channel drainage efficiency by
increasing channel width and depth

Monitor and forecast water situations and
rainfall in the target basin

Flood protection dams Accelerate drainage of water in low-lying areas

Flood walls and levees Reduction of flood peaks that pass close to
communities by diverting upstream water

Floodways Land-use zoning and flood-risk maps

Embankments Floodplain management

Source Moya (2017)
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13.3 Study Areas

13.3.1 Semiarid Region: Sume Basin, Brazil

The Sume Basin is located in the Northeastern Region of Brazil, as shown in
Fig. 13.5, which has an area of 1.6 million km2; 86% of this area is deemed to be
semiarid (Marengo et al. 2008). This region is often referred to as the drought
polygon due to its particular fragility and poor level of development, which is
exacerbated by the frequent droughts that occur in the area. The Northeastern
Region of Brazil is formed by nine states, and the Sume Basin is located in the state
of Paraiba, as shown in Fig. 13.5. The basin itself has an area of approximately
128 km2, and according to a 2014 IBGE report (Brazilian Institute of Geography
and Statistics), the population contained in this basin is 51,000. The hydrographic
basin constituting the Sume Basin is located between the municipalities of Sume
and Monteiro, bounded by the coordinates of 7°40ʹ south latitude and 37°0ʹ east
longitude (Cadier and Jose de Freitas 1982). The Sume Basin is divided into three
subbasins: Jatoba, Umburana and Gangorra.

To run the RRI model, daily rainfall data from the Superintendence for the
Development of the Northeast (SUDENE) were used for the 1985 floods, which had
huge impacts in the majority of the Northeastern Region of Brazil. Rainfall return

Fig. 13.5 Map of the Sume Basin in Paraiba, Brazil, showing the locations of dams and rain
gauges. Reprinted (modified) from Moya et al. (2017)
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periods were also calculated using rainfall data from SUDENE. GSMaP data were
also used to simulate the floods that occurred in 2014 in Sume. This simulation was
run using the rainfall intensity values calculated from the 1985 floods and a
100-year rainfall return period. For topographic data, a 30-s resolution, which is
equivalent to approximately 1 km per cell, was used from the HydroSHEDS data.

13.3.2 Wadi Uday Basin

The Wadi Uday basin is located in the Muscat governorate of Oman, which is the
fastest-growing part of the country (Al-Rawas 2013), with a population of
1,288,300 according to a 2015 census made by the National Centre for Statistics
and Information. The basin itself has an area of 372 km2, with a total urbanized area
of approximately 85 km2, which represents approximately 22% of the total
watershed area. Wadi Uday is bounded by the coordinates 23°40ʹ north latitude and
58°35ʹ east longitude. Figure 13.6a shows the watershed delineation and its geo-
graphical location in the Middle East, as well as the rain gauges that were used to
collect rainfall measurements in the basin. The basin is also almost entirely sur-
rounded by mountains, which greatly increases the risk of flash floods.

The Gonu Cyclone in June 2007 was the event chosen for the calibration, using
data from the MRMWR measured from the rain gauges shown in Fig. 13.6b. For
the model validation, a major flood event that occurred in December 2006 was
chosen, and the same sources of data were used. The main geologic base of the soil
in this basin is made up of basaltic, limestone and sandstone rock according to data
from the MRMWR.

13.4 Data Processing and Methods

First, the available rainfall and discharge data were collected. Data collected from
1983 to 2015 by 6 rain gauges were used for Wadi Uday in Oman, and data
collected from 1982 until 1991 were taken from 5 rain gauges for Sume Basin in
Brazil. In addition to satellite-based rainfall data, GSMaP data were also used in
Oman to simulate the 2007 Gonu Cyclone and the March 1985 large floods in
Brazil.
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13.4.1 Hydrological Rainfall Runoff Inundation Model
(RRI)

The hydrological model utilized in this study is called the RRI, which is capable of
simulating rainfall runoff and flood inundation simultaneously. The model deals
with slopes and river channels separately, although they are both positioned in the
same grid cells. In the model, the channel is discretized as a single line vector of the
overlying slope grid cells (Sayama 2013, 2015). The channel represents an extra
flow path between grid cells overlying the actual river course. Lateral flows are
simulated on the cells on a 2D basis, and slope grid cells on the river channel have
two water depths: one allocated for the channel and another for the slope.

Channel flow in the RRI model is calculated with the 1D diffusive wave model.
The RRI model also simulates lateral subsurface flow, vertical infiltration flow and
surface flow. This study focused on the case where there was no lateral saturated
hydraulic conductivity to consider saturated subsurface and saturation excess
overland flow. A particularity of the RRI model is that it can simulate both surface
and subsurface flow with the same algorithm (Sayama 2013, 2015).

Fig. 13.6 Map of Wadi Uday basin in Muscat, Oman (a), showing the locations of dams and rain
gauges (b). Source data Ministry of Regional Municipalities and Water Resources, Oman (source
Moya 2017)
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The RRI model can also be used to simulate several mitigation measures, such as
dams, diversion channels and channel improvements. To assess the current miti-
gation measures more accurately in arid and semiarid basins, this study also
attempted, unsuccessfully, to change the dam subroutine embedded in the model to
allow it to simulate dams with different discharge rates (as opposed to the normal
RRI function, which sets discharge at a fixed rate and includes circular storage
reservoirs). It is worth mentioning that the RRI model was efficiently applied in
flash flood simulations in Oman (Abdel-Fattah et al. 2016, 2018).

13.4.1.1 Governing Equations

The model used to calculate lateral flows on slope grid cells is called the “storage
cell-based inundation model” (Hunter et al. 2007) and is based on Eq. (13.2),
describing mass balance, and Eq. (13.3), describing the momentum equation. These
equations can be expressed as follows:

@h
@t

þ @qx
@x

þ @qy
@y

¼ r ð13:2Þ

@qx
@t

þ @uqx
@x

þ @vqy
@y

¼ �gh
@H
@x

� @sx
@pw

ð13:3Þ

where h is the height of water of the surface, qx and qy are the unit width
discharges in the x and y directions, u and v are the flow velocities in the x and
y directions, r is the rainfall intensity, H is the height of water from the datum, pw is
the density of water, g is the gravitational acceleration, and sx and sy are the shear
stresses in the x and y directions. These equations are then calculated using
Manning’s equation (Sayama 2013, 2015), after which the following equations are
derived.

qx ¼ � 1
n
h5=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@H
@x

����

����sgn
@H
@x

� �s

ð13:4Þ

qy ¼ � 1
n
h5=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@H
@y

����

����sgn
@H
@y

� �s

ð13:5Þ
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13.5 Model Calibration and Validation in Arid
and Semiarid Regions

13.5.1 Calibration (Gonu 2007) and Parameter Setting

Calibration was performed by comparing the discharge results from the RRI sim-
ulation to the actual measured discharge for the June 2007 Gonu Cyclone. The
model was calibrated for 3 cases: case A for only overland flow, case B for vertical
infiltration and case C for saturated subsurface (Sayama 2013, 2015). Due to the
topographical particularities of the selected arid and semiarid basins, this study
focused on case C. To perform the calibration, first, various parameters were
adjusted until the simulated and measured discharge curves resembled each other,
as shown in Fig. 13.7. The effect of each parameter as well as the values that were
finally selected for the arid and semiarid basins are listed in Table 13.5.

Here, the suction at the vertical wetting front, Sf , is inactive, and the vertical
saturated hydraulic conductivity, kv, is zero, therefore, these parameters were
omitted from the table.

Both daily and hourly calibrations were performed, and one large difference
between these calibrations was the gap between the peak discharges of the mea-
sured and simulated values before calibration; this gap was much steeper in the
hourly case. This was reflected in the values of the parameters, particularly the
values for the roughness of the river and slope, which were significantly lower for
the hourly calibration case than for the daily case. The final calibration result is
shown in Fig. 13.8. The formulas that were used to assess the accuracy of these
results are listed below:
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Fig. 13.7 Different calibration attempts together with the final simulated curve; the legend shows
which parameter was changed for each line to increase or decrease the peak discharge
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PBIAS ¼
P

Qmeas � Qsim:ð Þ
P

Qmeas
� 100 ð13:6Þ

NSE ¼ 1�
P

Qmeas � Qsim:ð Þ2
P

Qmeas � Qmean
sim:

� �2 ð13:7Þ

where Qsim: stands for the simulated discharge and Qmeas is the measured discharge.
The peak bias for the Gonu Cyclone event at Wadi Uday was calculated to be
approximately 6%, and the Nash–Sutcliffe model efficiency coefficient was
approximately 0.98. The width and depth of the channel were determined by

Table 13.5 Value and effect of each parameter after calibration

Parameter Value Effect

nriverðm�1=3sÞ
(Roughness of river)

0.02 Considerable decrease in peak discharge

nslopeðm�1=3sÞ
(Roughness of slope)

0.05 Decrease in peak discharge

d (m) (Soil depth) 0.7 Slight decrease in peak discharge

u(Porosity) 0.3 Slight decrease in peak discharge

k (ms�1Þ
(Lat. sat. hydr. conduc.)

0 Low discharge peak

kgv
(Groundwater hydr. conduc.)

2x Considerable overall decrease of discharge curve

River settings Cw ¼ 6:5
Sw ¼ 0:56
CD ¼ 0:22
SD ¼ 0:32

Source Moya (2017)

Fig. 13.8 Discharge peak from the measured data, as well as simulated values before and after
calibration. Source Moya (2017)
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comparing the simulated values with real values obtained from Google Maps. The
channel in Wadi Uday was found to be rather deep and quite wide, especially in the
upstream part, whereas the Sume channel in Brazil tended to be very flat and
narrow. The flood depth level that was measured downstream was also used to
prove that the calibration results here were valid. In the Sume Basin, due to a lack
of measured discharge data, the results were not calibrated or validated.

13.5.2 Validation (2006 December Floods)

The December 2006 floods were selected to validate the calibration, following a
similar procedure as mentioned in the beginning of this chapter, as shown in
Fig. 13.9 in the appendix. The PBIAS used for the validation was estimated to be
approximately 28%. This exemplifies the reliability of the obtained parameters.

13.6 Comparison of Flash Flood Mitigation Scenarios

13.6.1 Proposed Mitigation Scenarios

Below are the main mitigation scenarios that were proposed, mainly for the dis-
tributed and concentrated structures in both the Wadi Uday basin and Sume Basin
(Moya et al. 2017). The main point behind how the reservoir volumes were selected
is that the total volume of all the reservoirs summed together always remained the
same. The reservoir storage volume was chosen according to the topography of the
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Fig. 13.9 Discharge peak curve of the December 2006 floods obtained after using the calibrated
parameters from 2007 Gonu cyclone calibration
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basin. In Fig. 13.10, the concentrated dams that were proposed for each case study
are shown, and their specifications are described in Tables 13.6 and 13.7. The
distributed dams and information on the Sume Basin are displayed in Fig. 13.11
and Table 13.8.

13.6.2 Impact of Mitigation Measures

The main five scenarios compared were the scenario without mitigation measures,
with 1 dam, concentrated dams, distributed dams, and channel improvement. In
Fig. 13.12, the hydrograph of the Gonu Cyclone event in 2007 shows the efficiency
of concentrated versus distributed mitigation structures based on daily data that
were measured at a point downstream. In Fig. 13.13, the different water levels at the
same point downstream are shown to illustrate how the various mitigation measures
applied managed to decrease the maximum flood depth. The distribution maps were
visualized for the flow discharge (Fig. 13.14) and flow depth with distributed and
concentrated dams at Wadi Uday (Figs. 13.15 and 13.16). Both distributed and
concentrated dams seemed to be more efficient in the Wadi Uday basin in terms of
lowering both the discharge and flood depth, which could be attributed to the
geomorphologic differences between the two channels. The main conclusion that
can be drawn from these pictures is that distributed dams may be more effective in
reducing flood depths and peak discharges. This could be because distributed dams
can stop water at different time sets compared to the concentrated dam strategy,
which might hold the flood water at a single point in time.

Similarly, the flood depth and discharge values as well as maps showing the
distributions of these data based on measurements made at a downstream point
were also performed in the Sume Basin. Figures 13.17 and 13.18 exhibit the
hydrographs of the flow discharge and flow depth, respectively. The distribution

Fig. 13.10 Location of concentrated dams in the Wadi Uday basin (a) and Sume Basin (b).
Source Moya (2017)
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maps of discharge (Fig. 13.19) and flow depth with concentrated and distributed
dams are also visualized (Figs. 13.20 and 13.21).

Table 13.6 Information on concentrated dams in the Wadi Uday basin

Dam
ID

Dam name Dam
height
(m)

Dam
coordinates

Dam type Reservoir storage
volume (106 m3)

B15 Al Amerat
Heights

22 Lat: 23.54°
Long:
58.49°

Embankment 48

G2 Wadi Uday
Gorge

45 Lat: 23.58°
Long:
58.52°

Embankment 22

B4.1.2 Madinat Al
Nahdah S

20 Lat: 23.44°
Long:
58.43°

Embankment 19

Source data Ministry of Regional Municipalities and Water Resources, Oman

Table 13.7 Information on
concentrated dams in the
Sume basin

Dam ID Storage volume (106 m3)

A1 35

A2 10

Fig. 13.11 Location of
distributed dams in the Sume
basin. Reprinted (modified)
from Moya et al.
(2017) copyright 2021

Table 13.8 Information on
distributed dams in the Sume
basin

Dam ID Storage volume (106 m3)

A1 25

A2 5

A3 5

A4 5

A5 5

SourceMinistry of Regional Municipalities and Water Resources,
Oman
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Fig. 13.12 Hydrograph showing the discharge peak in Wadi Uday considering various mitigation
scenarios
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Fig. 13.13 Flood depth during the Gonu Cyclone in Wadi Uday measured at a point downstream

Fig. 13.14 Discharge maps of Wadi Uday for the 100-year rainfall return period under different
mitigation scenarios
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Fig. 13.15 Flood depths with concentrated dams; A–B represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which
mitigation measures are taken in Wadi Uday for the 100-rainfall return period

Fig. 13.16 Flood depths with distributed dams; A–C represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in Wadi Uday for the 100-year rainfall return period
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Fig. 13.17 Hydrograph of discharge peaks in Sume basin considering various mitigation
scenarios
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13.7 Flood Index

The rainfall return period was calculated considering June 2007 Gonu Cyclone in
Oman, and the March 1985 flood event in the Northeastern Region of Brazil. The
rainfall return period was calculated using the following equation:
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Fig. 13.18 Flood depth
during the Gonu Cyclone in
the Sume basin measured at a
point downstream

Fig. 13.19 Discharge maps in the Sume basin under different mitigation scenarios for the
100-year rainfall return period

Fig. 13.20 Flood depths with concentrated dams; A-B represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in the Sume Basin based on the March 2014 flood event
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Fa ¼ 100ð2n� 1Þ
2y

ð13:8Þ

FFI ¼
PN

i¼1 ID
N

ð13:9Þ

where Fa is the probability of occurrence, n is the total number of years and y is the
total number of events. Using this rainfall return period, the flood index was esti-
mated in the Sume Basin and in the Wadi Uday basin, as shown in Fig. 13.22. To
calculate this flood index, Eq. 13.6 was used, where ID is the average inundation
depth and N is the total number of cells. The difference in the span of the return
period graphs is due to the lack of available data for the Sume Basin in Brazil.

13.8 Conclusions and Recommendations

As shown in the previous section, concentrated dams did not reduce the inundation
water level or total area as much as distributed dams did, and by observing the flood
index, channel improvements were 20% more efficient in reducing the inundation
depth of flash floods than the construction of dams. Furthermore, concentrated dams
were much more efficient in arid basins than in semiarid basins. Concentrated dams
seem to be less efficient in semiarid Brazil because of the flat terrain and localized
rain. One common point among both basins, however, is that in both cases, channel
improvements were always effective; this is mainly attributed to the accumulation
of sedimentation in the channels and embankments, which can make the rivers
more prone to flash floods.

The RRI model was used because of its ability to simulate results, including
mitigation measures, within a very short time span. Both data input and output
visualization can be performed very quickly using this model, and the results can be
easily compared and validated by utilizing results from other hydrological models.

Fig. 13.21 Flood depths with distributed dams; A-C represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in the Sume Basin based on the March 2014 flood event
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The model was found to be suitable for simulations in arid and semiarid basins, as it
provided accurate results after being calibrated and validated.

Despite the slight decrease in efficiency from a flood mitigation perspective,
concentrated dams present other advantages. From an economic standpoint, they
are much more affordable to construct since they centralize the necessary infras-
tructure, as seen in the construction of saddle dams, diversion channels and land
survey costs for dams. Concentrated dams are also more efficient for groundwater
recharge and are less harmful to the environment since concentrated dams require
fewer construction materials. Additionally, concentrated dams are more easily
accessible and maintained. Nevertheless, distributed dams also have advantages
such as fostering local development in the local regions and providing more
upstream protection from flash floods.

Overall, there seems to be a lack of academic papers that thoroughly compare
arid and semiarid regions, especially from the perspective of hydrology and vul-
nerability to flash floods. Indeed, this might be because reliable data for flash floods
in arid and semiarid basins are lacking; deeper investigation and research in disaster
prevention in these regions only started in approximately 1980. One key difference
this study found between semiarid Brazil and arid Oman is that the way each of
these regions tackles flood problems is quite different. In northeastern Brazil, flash
floods are mostly mitigated at a local level, with the subbasin being the main point
of focus. In Oman, on the other hand, there is more of an integrated mitigation
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Fig. 13.22 Flood index curves plotted according to the rainfall return period for a Sume Basin,
Brazil, and b Wadi Uday, Oman
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strategy plan at a national level considering the entire basin. This study concluded
that Oman’s more unified mitigation strategy was more efficient in preventing flash
floods, especially because it took into account the topography of each basin; in the
Brazilian semiarid region, mitigation measures are often relegated to nonstructural
measures such as land evacuation plans and flood-risk maps. The frequency of flash
floods is lower in arid basins than in semiarid basins; however, the magnitudes of
flash floods are higher in the former. In recent times, Oman has had an unprece-
dented string of flash floods due to cyclones and thunderstorms that have combined
to cause very intense precipitation events. Despite the recentness of this phe-
nomenon affecting Oman, the government has developed a successful plan based on
distributed structural measures, as seen in the previously mentioned seven-dam
project in Wadi Uday. Such policies can be a great lesson for semiarid Brazil, which
lacks inclusive and comprehensive structural measures to address the flash flood
phenomenon.
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