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Abstract
Dams are built in arid regions across watersheds for flood control among other purposes. Capacity-elevation (C-E) curves are
vital for reservoir routing and dam operation. Different models are available for representing C-E relationships. Power and
logarithmic laws are evaluated and tested for reservoir routing. The evaluation is based on the analysis of 136 reservoirs across
different regions of Saudi Arabia (SA). The analysis revealed that 75.7% of the reservoirs are of flood plain foothill type. A case
study on Al-Lith dam basin is utilized for application based on measured events. The resulting routed outflow hydrographs
showed that the logarithmic law is better to represent the reservoir than the power law. With respect to the climate change effect,
the results show that the predicted rainfall fromRepresentative Concentration Pathways scenario (RCP4.5) increased by about 20
to 31.4% from 5 to 100 years return periods respectively with an average of 27%. While for scenario RCP8.5, the predicted
rainfall increased by 42% to about 55% from 5 to 100 years return periods respectively with an average of 49%. For the RCP4.5
scenario, the peak flows, Qp, and volumes, W, increased by an average of 69% and 67% respectively. While for the RCP8.5
scenario, the same parameters increased by an average of 139% and 134% respectively. The effect of transmission losses in the
results seems to be minor with respect to climate change signal (for RCP4.5, Qp andW are lowered on average by 2% and 0.5%
respectively, and for RCP8.5, Qp and W are lowered on average by 4.5% and 1.3% respectively). The results of this research
recommend to use the logarithmic law and to take into account the effect of climate change on future dam projects in SA.
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Introduction

In arid regions of Saudi Arabia (SA), the main infrastructures
to combat flash floods are dams and flood channels. The de-
sign of such structures depends on the analysis of recorded
storms. However, recorded hydrographs are rare. Empirical

equations and software are used to generate the inflow
hydrograph for the design of dams and the sizing of the res-
ervoirs. Flood routing is then used to generate outflow
hydrographs for the design of flood (emergency) channels.
Flood routing requires information about the morphology of
the reservoir. Several methods are available for the represen-
tation of reservoir morphology. Macchione et al. (2016) intro-
duced simple power law to represent the relationship between
the reservoir volume and the water depth. Their equation reads
as follows:

W Zð Þ ¼ WoZαo ð1Þ

whereW(Z) is the volume at water depth Z, andWo and αo

are parameters obtained by the method of least squares.
They applied the above, Eq. (1), to 97 reservoirs in differ-
ent geographical areas in the world. Mohammadzadeh-
Habili et al. (2009) and Haghiabi et al. (2013) presented
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a logarithmic law to represent the relationship between
reservoir volume and the depth. The equation reads as
follows:

W Zð Þ ¼ Wmax eln 2ð Þ Z
Zmax−1

� � 1
N
; ð2Þ

where Wmax is the maximum volume of the reservoir, Zmax is
the maximum water depth, and N is the reservoir coefficient,
which can be calculated using the following equation:

N ¼ 2ln 2ð Þ Wmax

AmaxZmax
ð3Þ

where Amax is the maximum surface area of the reservoir.
The above authors applied Eqs. (2) and (3) to eight reser-

voirs in Iran and showed that the equation represents the
reservoirs well. Rahmanian and Banihashemi (2012) used
Eq. (2) to study the sediment distribution in reservoirs. Their
results suggest the applicability of the equation for the nine
reservoirs selected for their study.

Reservoir routing is a process where inflow hydrograph is
attenuated as it passes through a dam outlet or spillway.
Numerous studies have been undertaken to calculate the out-
flow hydrograph for the design of the flood channel down-
stream of the dam. Most of those studies were conducted for
river management. Few studies were directed towards arid re-
gion conditions where reservoirs in most cases are empty.
Therefore, the reservoir morphologymust be taken into account
in the calculation of the reservoir routing (Kamis et al. 2018).

Climate change studies are based on global models run un-
der different types of climate scenarios of CO2 emissions. The
results of these climate models are used to obtain regional re-
sults through downscaling experiments. The regional results
can also be used to obtain information on local scale through
another downscaling process. Monier and Gao (2015) present-
ed a study regarding the expected extreme hot or extreme pre-
cipitation that would occur in the USA over the twenty-first
century using the MIT global model. The model predictions
show that extreme precipitations are expected in much higher
frequency than predictions, based on the historical records.
Arnbjerg-Nielsen (2012) examined the effect of climate change
on rainfall intensities. The analysis was based on the historical
precipitation records and a regional climate model. Two ap-
proaches were employed and the results showed that the rainfall
intensities in Denmark would increase by 10–50% by the end
of twenty-first century. Elshorbagy et al. (2018) presented a
study to appraise the effect of climatic change in relation to
the design of urban storm water facilities (detention ponds).
The study explored several scenarios of rainfall storms on the
existing facilities. Their results showed that under climate
change scenarios, the runoff volume would exceed the design
parameters of the detention ponds.

In a study by Chowdhury and Al-Zahrany (2013), the long-
term prediction of climatic parameters was investigated.
Results of the HadCAM3 (Rajab and Prudhomme 2002) glob-
al model were utilized to predict the influence of climatic
change on the water resources up to year 2050. Their results
showed that precipitation would increase by about 20% by
year 2050 on the western region of SA.

Through the aforementioned review, it is of great impor-
tance to test the readiness of the current flood protection in-
frastructures to the climate change effects; therefore, the ob-
jectives of this study are two-fold:

(1) To develop the appropriate relationship between reser-
voir volume and water depth for evaluating the outflow
hydrograph of the dam that is relevant to the prevailing
conditions in arid regions.

(2) To predict the expected storms due to climate change for
evaluating the risk on the existing flood mitigation
infrastructures.

In the current study, an investigation of the appropriatemeth-
od for representing reservoir morphology is carried out. The
most recent (Sep. 2014) digital elevation data (digital elevation
model (DEM)), which were used for the 136 watersheds, were
downloaded from the U.S. Geological Survey (USGS) to esti-
mate the reservoir morphology: the reservoir-capacity and area-
capacity curves. The 136 reservoirs are distributed across
different regions of SA. The study further explores the effect
of climate change on the expected future storms that in turn will
affect the design and operation of flood mitigation infrastruc-
tures. A comprehensive study of Al-Lith watershed was con-
ducted for 4 years (Dames and Moore 1988). Precisely, rainfall
records along with runoff gauge records were collected at sev-
eral stations along the watershed. The recorded data at Al-Lith
dam (under construction) will be employed as input for the
reservoir routing. The outflow hydrographs, based on two res-
ervoir models, will be tested against each other and against the
traditional Plus method to find out any significant difference
between them. The study looks further for the effect of climate
change on the outflow hydrographs.

Reservoir morphology

In order to investigate the method for representing the morphol-
ogy of a reservoir, comprehensive data collection from 136
reservoirs, distributed over SA, are conducted from DEM.
Some of these dams are operational and the rest are either
under design study or under construction. Figure 1 shows the
locations of these dams throughout the region. Reservoirs can
be classified by several methods. In this study, the classification
introduced by Borland and Miller (1958) is adopted as shown
in Table 1. In this table, M is known as the reservoir shape
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factor. This factor is related to the reservoir coefficient N (Eq.
(3)) according to the following relation as explained by
Mohammadzadeh-Habili et al. (2009):

N ¼ 1:075M−0:9063 ð4Þ

Table 2 shows the distribution of reservoirs among the
various regions of SA according to Borland and Miller
(1958). The table shows that the majority of the reservoirs fall
under class III.

The DEM data were used to calculate the volume of the
reservoir as a function of the depth using Eqs. (1–3) in order to

compare the two methods of modeling the morphology of the
reservoirs. Simple statistical analysis is employed to assess the
suitability of the two methods by calculating the coefficient of
determination R2. In addition, the percentage of error EW is
calculated based on the following equation:

EW ¼ Wc−Wm

Wm
� 100% ð5Þ

where Wc is the calculated volume from the equation, and
Wm is the measured volume from the data (DEM).

Figure 2a, b shows a comparison of the distribution of the
percentage of errors for both models for the different regions
of the study area. Table 3 shows the results of the fitting
parameters of both reservoir models. The results show that
both methods produce very good agreement with the mea-
sured data. However, the overall R2 for the logarithmic law
is higher than that for the power method.

Figure 2a, b shows that for most regions, the range of the
percentage of error for the logarithmic method lies between −
4 and + 8%, while for the power method, the range is observed
between − 50 and + 5%. Another measure of comparison is

Table 1 Classification of reservoirs

M Reservoir type Standard classification

3.5–4.5 Gorge I

2.5–3.5 Hill II

1.5–2.5 Flood plain foothill III

1.0–1.5 Lake IV

Fig. 1 Locations of dams used in the current study
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the percentage of relative root mean square error (%RRMSE)
that is calculated as follows:

%RRMSE ¼ RMSE

W
� 100 ð6Þ

whereW is the mean of the measured volume of the reser-
voir, and the root mean square error is given by:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
wi−cið Þ2

n

vuut
ð7Þ

where wi is the measured volume at elevation i and ci is the
calculated volume (from the model) at the same elevation i. Li
et al. (2013) proposed that the model accuracy is considered
excellent when %RRMSE < 10%, fair if 20% <%RRMSE <
30%, and poor if %RRMSE ≥ 30%.

Table 3 shows that the range of the %RRMSE for the log-
arithmic method lies between 5.1 and 7.7% with an average of
6.6% (classified as excellent), while for the power method, the
range is between 15 and 24.9% with an average of 22.7%
(classified as fair). These results clearly indicate that the log-
arithmic model performs better compared to the power law
model.

Reservoir routing

The following equations are reservoir routing equations in
terms of power and logarithmic representation of the reservoir
morphology. The derivations of these equations are presented
in the Appendix.

dZ
dt

¼ I tð Þ−CB Z−Pð Þ1:5
αoWoZαo−1

ð8Þ

dZ
dt

¼ I tð Þ−CB Z−Pð Þ1:5
Smaxln 2ð Þ
NZmax

e ln2ð Þ Z
Zmaxð Þ e ln2ð Þ Z

Zmaxð Þ−1
� � 1−Nð Þ=N� � ð9Þ

Equations (8) and (9) are differential equations that do not
have readily analytical solutions. A numerical solution is
then used. A forward Euler finite difference scheme is used
to obtain a numerical solution (Kamis et al. 2018). The out-
flow hydrograph is deduced once the inflow hydrograph, res-
ervoir characteristics, and the spillway parameters are
available. To assess the accuracy of the two methods of
representing the reservoir morphology, the traditional
method of reservoir routing is employed. Chow et al. (1988)
introduced the traditional (modified Plus or reservoir indicator
method) equation that can be written as follows:

W t þ Δtð Þ−W tð Þ
Δt

¼ I t þ Δtð Þ þ I tð Þ
2

−
O t þ Δtð Þ þ O tð Þ

2
ð10Þ

where W(t + Δt) is the reservoir storage at time t + Δt, W(t)
is the reservoir storage at time t, Δt is time increment, I(t + Δt)
is inflow at time t + Δt, I(t) is inflow at time t, O(t + Δt) is
outflow at time t + Δt, and O(t) is outflow at time t.

This equation can be rearranged as follows:

I t þ Δtð Þ þ I tð Þ þ 2W tð Þ
Δt

−O tð Þ
� �

¼ 2W t þ Δtð Þ
Δt

þ O t þ Δtð Þ ð11Þ

In this equation, only unknown terms for any time in-
terval are the terms on the right-hand side. In order to
evaluate the outflow O(t +Δt), a storage indication curve
(storage–outflow) relating O(t +Δt) and 2W(t +Δt)/Δt +

Table 2 Classification of
reservoirs in the study region Region Classification of reservoirs Total

I (M = 3.5–4) II (M = 2.5–3.5) III (M = 1.5–2.5) IV (M = 1–1.5)

Riyadh 1 5 20 4 30

Makkah 0 2 18 0 20

Madinah 0 6 19 0 25

Baha-Najran-Jizan 0 1 11 1 13

Aseer 0 6 26 0 32

Tabouk-Hail 0 8 8 0 16

KSA 1 28 102 5 136

% 0.74 20.5 75.1 3.66 100
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O(t +Δt) is required. At any reservoir elevation, the stor-
age is known from topographic data and the outflow can
be calculated from the spillway governing equation.

Hence, a relation between the outflow O(t) and (2W(t)/
Δt + O(t)) is obtained in a tabular form or graphically.
In routing the flow through time step (t +Δt), the left-

noitauqErewoPnoitauqEcimhtiragoL

a

Fig. 2 a Comparison of %EW between two reservoir models in different regions of KSA (Riyadh, Makkah, and Madinah). b Comparison of %EW

between two reservoir models in different regions of KSA (Baha-Najran-Jizan, Aseer, and Tabouk-Hail)
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hand side of Eq. (11) is evaluated to give the value of the
right-hand side of the equation. Then, from the former
established relation, by interpolation using tables or re-
gression of the graphical relation, the outflow O(t +Δt)
is obtained. An Excel sheet has been developed to solve
Eqs. (8), (9), and (11) (Kamis et al. 2018).

Al-Lith dam case study

Wadi Al-Lith is located in the western part of SA. It is lo-
cated about 200 km south of Jeddah city. It lies between 40°
10′ and 40° 50′ longitudes and 20° 00′ and 21° 15′ latitudes
with an area about 3262 km2 as shown in Fig. 3. Wadi Al-

noitauqErewoPnoitauqEcimhtiragoL

b

Fig. 2 continued.
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Lith consists of five sub-basins. Between 1984 and 1988,
Dames & Moor e , a US company , conduc t ed a
comprehensive project on water resources in selected
regions of SA. The study area is located in one of these
regions; thus, we collected the required data from the
reports of Dames and Moore (1988) The upper two sub-
basins were equipped with runoff measuring stations, name-
ly, J415 and J417. From these reports, simultaneous mea-
surements for both rainfall storms and runoff were collected.
Al-Lith dam was constructed later at station J417 (to be
completed in year 2020). Table 4 gives the characteristics
of the dam and spillway https://ar.wikipedia.org/wiki/Al-
Lith_Dam. The present study is dealing with those two
sub-basins. Geologically, wadi Al-Lith is underlain by late
Proterozoic plutonic, metavolcanic, and metasedimentary
rocks in most of the wadi with an area about 86.8% of the
total area, by chiefly Tertiary sedimentary, volcanic, and
plutonic rocks in and near the coastal plain and by Tertiary
oceanic crust of the Red Sea offshore. The contact between
continental and oceanic crust is probably 10–15 km on-
shore. Quaternary sediments of aeolian silt and pediment
deposits with area of about 12% of the total area blanket
the coastal plain with thickness that ranges from 2 to 10 m
and fringed by coral reefs that are uplifted locally along
faults parallel to the coast.

To further test the two reservoir models, three recorded
runoff hydrographs at station J417 are routed over the dam
using the two reservoir models in addition to the traditional
method (modified Plus method) as a reference. Figure 4 shows
the results of the routing calculations. The figure shows that
the logarithmic model performs better than the power law
model. The % of error estimation for both peak flow and
volume are given by,

EQ ¼ Qmax traditionalð Þ−Qmax methodð Þ
Qmax traditionalð Þ � 100 ð12Þ

EV ¼ V traditionalð Þ−V methodð Þ
V traditionalð Þ � 100 ð13Þ

where EQ is the percentage of error in peak discharge,
Qmax(traditional) is the peak discharge from the traditional
method, and Qmax(method) is the peak discharge from the
logarithmic or power law method. In Eq. (13), EV is the per-
centage of error in volume, V(traditional) is the volume from
the traditional method, and V(method) is the volume from the
logarithmic or power law method.

The error estimation is shown in Table 5, which shows that
the percentage of error for the power law is higher than that of
the logarithmic model. It also shows the attenuation ratio (in-
flow peak divided by the outflow peak), which supports the
same conclusion that the logarithmic method performs better
than the power law method.Ta
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Rainfall analysis based on recorded data up to 2019

Three rainfall stations, namely, TA109, TA218, and TA233,
are selected. Table 6 shows the characteristics of these sta-
tions. The usual statistical analysis (Kite 1975) calls for fitting
the data from each station to common distributions and select
the best fit based on an error criterion then run spatial analysis
to obtain the design storm for each sub-basin for further hy-
drological analysis. However, there were two problems with
the available data: first, the number of records of the three
stations was different and, second, the storms are usually local
and do not cover the entire area of the watersheds. Following
the method suggested by Wheater et al. (1989), an average of
the records of the three stations was calculated and then the
best distribution, Gumbel in this case, is fitted to the data.
Table 7 shows the results of this analysis as the expected
rainfall depths for various return periods.

Unit hydrograph of wadi Al-Lith

Transformation of rainfall data into runoff was carried out by
performing hydrologic analysis with the aid of the commonly
used hydrological modeling system (HEC 2000). The HEC-
HMS software (US Army Corps of Engineers HEC-HMS
(n.d.)) is used to determine the relationship between rainfall
and runoff of the catchment, which allows the user to select
between numerous losses and hydrograph parameterization
such as the Soil Conservation Services curve number (SCS-
CN) scheme. The software also allows to employ user-defined
unit hydrograph and hyetograph. Albishi et al. (2017) present-
ed 1-h unit hydrograph for Al-Lith basin as well as for stations
J415 and J417. The 1-h unit hydrographs for both stations are
used later with the design storm to predict the inflow
hydrograph at the dam site.

Transmission losses in ephemeral streams

Since transmission loss is one of the key phenomena in
arid regions, it should be considered in the analysis of the
flood routing between stations J415 and J417. These sta-
tions, as shown in Fig. 3 and Table 8, present the charac-
teristics of the stations. The three-parameter Muskingum
method (O’Donnell 1985) is used for the estimation of
transmission losses. Elfeki et al. (2014) gave the three-

Fig. 3 Location of the case study: Al-Lith dam and its basin

Table 4 Characteristics of Al-Lith dam and its spillway

Dam Spillway

Height of dam (m) 44.5 Height of spillway (m) 37

Length of dam (m) 420 Length of spillway (m) 350

Capacity (m3) 90,000,000
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parameter Muskingum routing equation that incorporates
transmission losses as

O0 t þΔtð Þ ¼ d1I 0 tð Þ þ d2I 0 t þΔtð Þ þ d3O0 tð Þ ð14Þ
where I′(t) is the inflow hydrograph at the channel reach
(station J415) at time t (Fig. 3), O′(t) is the outflow
hydrograph at station J417at time t (Fig. 3), I′(t + Δt) is
the inflow hydrograph at the channel reach (station J415)
at time t + Δt (Fig. 3), O′(t + Δt) is the outflow hydrograph

at station J417 at time t + Δt (Fig. 3), and d1, d2, and d3
are fitting parameters.

The fitting parameters can be estimated by the matrix in-
version least squares solution for the given inflow and outflow
hydrographs at the two stations. The channel reach parame-
ters, K, α, and x, can be estimated using the formulas below
(O’Donnell 1985; O’Donnell et al. 1988):

K ¼ Δt
d1 þ d2d3

1−d3ð Þ d1 þ d2ð Þ ð15Þ

Fig. 4 Comparison between reservoir routing for the two reservoir models and the traditional Plusmethod based on some real flood storms: a 25/1/1985;
b 22/4/1985; c 25/11/1984; and d 9/12/1985

Table 5 Results of the outflow routed hydrographs from both reservoir models and the traditional modified Plus method

Date Total rainfall
(mm)

Traditional Plus method Logarithmic method Power method

Qmax

(m
3
/s)

Att.
Ratio

Volume
(m3)

Qmax

(m
3
/s)

Att.
ratio

%EQ Volume
(m3)

%EV Qmax

(m
3
/s)

Att.
ratio

%EQ Volume
(m3)

%EV

25/11/1984 21.5 41.12 0.47 343,855 42.29 0.48 − 2.84 339,991 1.12 5.08 0.06 87.66 332,037 3.44

25/1/1985 17.7 6.11 0.62 100,756 4 0.41 34.53 100,713 0.04 0.81 0.08 86.74 154,725 − 53.56
22/4/1985 13.2 25.57 0.66 493,991 24.76 0.64 3.18 493,959 0.01 6.49 0.17 74.63 452,460 8.41

9/12/1985 29.8 31.68 0.60 830,859 29.33 0.55 7.44 830,805 0.01 10.86 0.20 65.73 779,255 6.21
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x ¼ 0:5 1−
d2 þ d2d3
d1 þ d2d3

� �
ð16Þ

α ¼ d1 þ d2 þ d3−1
1−d3

ð17Þ

where K is the channel time lag (the hydrograph movement
time), x is a weighting parameter, and α is the coefficient of
lateral flow, which accounts for the transmission losses in
ephemeral stream.

The estimation of the parameters of the channel reach be-
tween stations J415 and J417 was performed based on
the three recoded events at the wadi sub-basins at stations
J415 and J417. Figure 5 shows the results of the flood routing
technique between the two stations. Very good agreement can
be observed between the observed and reconstructed outflow.
A quantitative analysis of the fitting is presented in Table 9.
The RMSE (root mean square error) shows a maximum value
of 0.72 m3/s, which is relatively low and acceptable from
the engineering perspective.

The estimated model parameters are tabulated in Table 10.
The average of these parameters show 25% transmission
losses from the inflow hydrograph and the time lag between
the two stations is about 1.4 h, and the weighting parameter for
the channel storage estimation is 0.032. These parameters are
used in the predictions of the flood routing of the design
storms.

Climate change effect on the hydrological regime

The Rossby Centre regional atmospheric climate model
(RCA), originally developed by the Swedish Meteorological
and Hydrological Institute (SMHI), has downscaled two

Coupled Model Intercomparison Project 5 (CMIP5) global
climate models (GCMs; Meehl et al. 2007; Taylor et al.
2012). These are the Centre National de Recherches
Météoro logiques (CNRM-CM5) and the NOAA
Geophysical fluid Dynamics Laboratory (GFDL-ESM2M),
under the COordinated Regional climate Downscaling
EXperiment (CORDEX; Strandberg et al. 2014; Giorgi et al.
2009) framework for Middle East North Africa (MENA) do-
main (Moss et al. 2010). The CORDEX RCA4 outputs of
precipitation for the MENA simulations cover the study do-
main with horizontal grid resolution of 0.44° × 0.44° which
corresponds to approximately 50 × 50 km grid spacing. In this
study, the fourth version of the RCA4 (Samuelsson et al.
2015), driven by CNRM-CM5GCM,model is used for inves-
tigating the effects of future climate change on the maximum
daily rainfall over the three stations, viz. TA109, TA233, and
TA218. Further details on RCA4 model’s background, phys-
ical processes, development, and application since it was
established can be found in the following literature (see, for
instance, Samuelsson et al. 2015; Samuelsson et al. 2011;
Kjellström et al. 2011; Räisänen et al. 2004; Jones et al.,
2004a, b; Rummukainen et al. 2001). Furthermore, the de-
tailed information about CORDEX domains, experiment
guidelines, data access, list of RCMs, GCMs and variables,
etc. are available at the following weblink: https://cordex.org/
data-access/cordex-data-on-esgf/. A recent study conducted
by Syed et al. (2019) showed that the RCA4 simulations
forced with CNRM-CM5 GCM lateral boundary conditions
well approximate the observations, therefore have been select-
ed for the current study. The baseline RCA4model outputs are
calibrated, following Ahmad and Rasul (2018), by fitting the
data into five different distributions/transformations (PTF,
DIST, RQUANT, QUANT, and SSPLIN) for the periods
1964–2005, 1971–2005, and 1980–1991 for TA109, TA233,
and TA218 stations, respectively. The transformations for the
selected three stations are carefully examined for the
abovementioned baseline periods with their associated sta-
tions using RCA4 model output statistics and biases in respec-
tive quantiles. To select the best transformation/distribution in
the models’ historical simulations, the mean, standard

Table 7 Predicted design storm (based on Gumbel distribution)

Return period Probability Prediction (mm)

5 0.8 50.36

10 0.9 60.35

25 0.96 72.97

50 0.98 82.34

100 0.99 91.63

Table 6 Rainfall stations used for estimation of the design storms

Stations Coordinates Period No. of record (years)

Easting Northing

TA109 40° 22′ 4.41″ 21° 3′ 59″ 1964–2019 56

TA218 40° 31′ 4.41″ 21° 3′ 59″ 1966–2018 53

TA233 40° 27′ 4.4″ 21° 12′ 59″ 1971–2006 36

Table 8 Some main features of the runoff stations at Al-Lith basin

Station Easting Northing Area
(km2)

Length
of the
main
stream
(km)

Slope
(m/m)

Channel
reach
length
(km)

J415 42° 32′
21.27″

20° 42′
49.61″

974.8 85.4 0.3332 25.1

J417 40° 28′
44.05″

20° 30′
56.69″

735.2 61.4 0.3491
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deviation, coefficient of variation, and coefficient of skewness
are compared with the observations (Table 11). Therefore, the
distribution/transformation with the least bias is selected for
the historical run for each of the station. Using the selected
distribution, the future projections are then empirically adjust-
ed and downscaled to station level for the future period 2006–
2100 under both RCP4.5 and RCP8.5 scenarios. Figure 6
shows the results of the two scenarios compared with the
observed data. Statistical analysis employing Gumbel distri-
bution on the observed data and the predicted results are con-
ducted and presented in Fig. 7 for the two scenarios. The
results show that the predicted rainfall from scenario RCP4.
5 increased by 19.7 to 31.4% from 5 to 100 years return
periods respectively with an average of 27%. While for sce-
nario RCP8.5, the predicted rainfall increased by 42 to 55%
from 5 to 100 years return periods respectively with an aver-
age of 49%.

Based on the frequency analysis for the two climate change
scenarios (RCP4.5 and RCP8.5), hydrographs for 5, 10, 25,
50, and 100 years return periods are estimated and depicted in
Fig. 8 taking into consideration the effect of transmission
losses. Figure 8a shows the generated hydrographs based on
the current rainfall data records, while Fig. 8b, c shows the
generated hydrographs based on the climate change scenarios
RCP4.5 and RCP8.5, respectively. Table 12 shows a compar-
ison between peak discharges and runoff volumes for the ob-
served data and the two climate change scenarios for different
return periods under the condition that there is no transmission
losses included. The table shows that, for the RCP4.5 scenar-
io, the peak flows increased between 65% and 71% with an
average of 69%, while the runoff volume increased between
63% and 68% with an average of 67%. For the RCP8.5
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Fig. 5 a–c Comparison between observed and reconstructed hydrographs routed for stations J415 and J417 for three events that cover the two stations
for the estimation of the three parameters of the Muskingum method

Table 9 Observed versus calculated peak flow of the routed
hydrograph and the RMSE of the fitting

Reach Date Qp (Obs.)
(m3/s)

Qp (routed)
(m3/s)

RMSE
(m3/s)

Inflow J415
outflow J417

25-Jan-85 9.8 6.5 0.72

26-Jan-85 17.6 16.4 0.46

11-Apr-85 6.0 5.1 0.230

Table 10 Estimation of the Muskingum routing parameters from the
recoded events

Reach Date Estimated values K (h) x α

d1 d2 d3

Inflow
J415
out-
flow
J417

25-Jan-85 0.089 − 0.069 0.970 3.64 0.110 − 0.35
26-Jan-85 0.111 0.116 0.732 0.32 − 0.004 − 0.15
11-Apr-85 0.093 0.100 0.741 0.335 − 0.010 − 0.254

Average 0.098 0.049 0.814 1.432 0.032 − 0.251
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scenario, the peak flows increased between 128% and 151%
with an average of 139%, while the runoff volume increased
between 123% and 147% with an average of about134%.
Table 13 shows the same comparison as Table 12, but with

inclusion of transmission losses in the wadi. The table shows
that, for RCP4.5 scenario, the peak flows increased between
63% and 70% with an average of about 67%, while the runoff
volume increased between 62% and 69% with an average of

Table 11 Comparison between the observed and predicted statistics based on RCP4.5 and RCP8.5 scenarios

Properties TA109 TA218 TA233

Observed RCP4.5 RCP8.5 Observed RCP4.5 RCP8.5 Observed RCP4.5 RCP8.5

Mean 44.94 42.75 52.95 26.26 49.51 72.09 47.33 38.79 51.71

Standard deviation 20.60 18.66 21.15 31.02 40.53 52.15 29.32 22.98 28.69

Coefficient of variation 0.46 0.44 0.40 1.18 0.82 0.72 0.62 0.59 0.55

Coefficient of skewness 0.75 0.78 0.72 2.02 1.77 0.99 1.07 1.32 1.18

Fig. 6 Comparison between two
climate change scenarios with the
observed data for the three rainfall
stations
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about 67%. For RCP8.5 scenario, the peak flows increased
between 125% and 146% with an average of the order
134%, while the runoff volume increased between 123%
and 149% with an average of about 134%.

The results show that for the RCP4.5 scenario without
transmission losses, the flood volume for the 100 years return
period is safe within the maximum capacity of the reservoir.
While for the RCP8.5 scenario without transmission losses,
the volume of the 50 years return period will exceed the res-
ervoir capacity. For the RCP4.5 scenario with transmission
losses, the flood volume for the 100 years return period is safe
within the maximum capacity of the reservoir. While for the
RCP8.5 scenario with transmission losses, the volume of the
100 years return period will exceed the reservoir capacity.
Therefore, the design of the flood mitigation infrastructures
must take into account the climate change effects on the
rainfall-runoff analysis.

Conclusions

The following conclusions can be drawn from the study:

(1) Classification of the 136 dams’ reservoirs, based on
Borland andMiller (1958) criteria, shows that the major-
ity of the reservoirs (75%) fall in class III, i.e., flood plain
foothill.

(2) The two models adopted for representing the reser-
voir morphology, namely, the power and logarithmic
laws, show that the percentage of error for the loga-
rithmic law is between − 4 and + 8% while for the
power law, the range is between − 50 and + 5%. In
addition, R2 was higher for the logarithmic law. The
range of the %RRMSE for the logarithmic method
lies between 5.1 and 7.7% with an average of
6.6%, while for the power method, the range is be-
tween 15 and 24.9% with an average of 22.7%.
These results indicate that the logarithmic law per-
forms much better than the power law. Therefore, it
is recommended to use the logarithmic law in the
dam design in the study area.

(3) The transmission losses, estimated by the three-
parameter Muskingum method, show that the average
transmission losses are 25% between the two stations
under study. This value should be considered in the de-
sign of mitigation measures in the study area.

(4) Two future climate change scenarios, i.e., RCP4.5
and RCP8.5, of the Rossby Centre regional climate
model (RCA4) run with CNRM-CM5 GCM bound-
ary conditions under CORDEX framework for
MENA domain are used in the present study. The
results reveal that, in terms of mean, standard devia-
tion, coefficient of variance, and skewness, the
changes from the current properties are not pro-
nounced. However, as far as frequency analysis is

Fig. 7 Frequency analysis for
both the observed data and the
two scenarios of climate change
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considered, the rainfall peak flows and runoff vol-
umes of predicted hydrographs for all return periods
show very pronounced increase.

(5) The results also show that the predicted rainfall from
scenario RCP4.5 increased by about 20 to 31% from
5 to 100 years return periods, respectively, with an
average of about 27%. While for RCP8.5 scenario,
the predicted rainfall increased by 42 to 55% from 5
to 100 years return periods, respectively, with an av-
erage of about 49%.

(6) For the RCP4.5 scenario, the peak flows and vol-
umes increased by an average of 69% and 67%, re-
spectively, in the case of no transmission losses in-
cluded. However, in the case of transmission losses
included, the peak flows and runoff volumes in-
creased by an average of 67% and 67%, respectively.
For RCP8.5 scenario, the peak flows and runoff vol-
umes increased by an average of 139% and 134%,
respectively, in case of no transmission losses includ-
ed. However, in the case of transmission losses in-
cluded, the peak flows and runoff volumes increased
by an average of 134% and 134%, respectively.

(7) The effect of transmission losses in the results seem
to be minor with respect to climate change signal
(for RCP4.5, Q and V are lowered on average by
2% and 0.5%, respectively, and for RCP8.5, Q and
V are lowered on average by 4.5% and 1.3%
respectively).

(8) The results show that for the case with transmission
losses, the runoff volume for the 100 years return period
exceeds the design capacity of the dam under the
RCP4.5 scenario. While under the RCP8.5 scenario,
the runoff volumes for the 50 and 100 years return
periods exceed the design volume of the dam.
Therefore, the effect of the climate change must be taken
into account in the design of the flood mitigation
infrastructures.

Fig. 8 Inflow hydrographs at the dam site for 5, 10, 25, 50, and 100 years
return periods with and without transmission losses for the current data
and the two climate change scenarios: a current data, b CCRCP4.5, and c
CCRCP8.5

Table 12 Comparison between peak flows and runoff volumes without transmission losses of the observed data and the two climate change scenarios
for return periods 5, 10, 25, 50, and 100 years

Return periods Observed data RCP4.5 RCP8.5

Q (cms) Volume (m3) Q (cm) Volume (m3) % change Q (cms) Volume (m3) % change

Q Volume Q Volume

5 668.2 12.09 1102.5 19.75 65.00 63.42 1680.2 29.89 151.45 147.30

10 1103.0 19.76 1863.0 33.06 68.90 67.31 2697.5 47.48 144.56 140.26

25 1756.7 31.24 3000.8 52.64 70.82 68.48 4166.1 72.40 137.15 131.72

50 2306.6 40.79 3944.0 68.70 70.99 68.43 5362.6 92.47 132.49 126.72

100 2895.7 50.86 4945.9 85.56 70.80 68.23 6619.4 113.36 128.59 122.89
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Appendix

The mass conservation equation for reservoir routing is given
by the following:

dW tð Þ
dt

¼ I tð Þ−O tð Þ; ð18Þ

where W(t) is the storage of the reservoir, I(t) is the inflow
hydrograph upstream the dam, and O(t) is the outflow
hydrograph downstream the dam passed over the
spillway.

The spillway equation reads as follows:

O tð Þ ¼ CB Z–P½ �1:5 if Z > P ð19Þ
O tð Þ ¼ 0 if Z ≤P ð20Þ
where C is the discharge coefficient, B is the spillway
width, Z is water depth measured from the reservoir bot-
tom, and P is the spillway height measured from the reser-
voir bottom.

The storage term in Eq. (18) is required to be assessed. This
term can be rewritten as follows:

dW tð Þ
dt

¼ dW tð Þ
dZ

dZ
dt

¼ A Zð Þ dZ
dt

ð21Þ

where A(Z) is the surface area of the reservoir. Substituting
Eq. (21) in Eq. (18) yields the following:

dZ
dt

¼ I tð Þ−O tð Þ
A Zð Þ ð22Þ

The two methods presented earlier (the power law and the
logarithmic law) are used to quantify the surface area of the
reservoir by differentiating Eqs. (1) and (2). Then substituting
in Eq. (22) including Eqs. (19) and (20) for the reservoir outlet
yields the following equations for the power law and the log-
arithmic law respectively presented in the paper (Eqs. 8 and
9).
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