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Abstract

Southwestern Saudi Arabia experiences occasional flash floods, possibly due to an inadequate understanding of rainfall and
runoff and a lack of infrastructure. Several studies have investigated rainfall intensity, duration, and runoff, while the infra-
structure is not adequate to avoid floods. One possibility for the lack of adequate infrastructure might be the limitations in
handling rainfall data. In this study, rainfall intensity—duration—frequency (IDF) curves were developed using the Gumbel
distribution for five areas (Abha, Al-Baha, Bisha, Gizan, and Khamis Mushait) in southwestern Saudi Arabia. Four methods
of calculating depth—duration relationships were applied. The 25-year daily maximum rainfall data were converted into hourly
and sub-hourly data using these methods. The methods showed considerable variability in the IDF relationships, which may
influence the essential protective measures against floods and runoff collection. The log-Pearson Type III (LPT III) distribu-
tion and RainyDay were also used to develop the 24-h IDF curves. The results show that Gumbel and LPT III can be used in
regions with a lack of sub-daily rainfall data, while RainyDay can be used with caution in regions with no rainfall data. This
study observed significant variability in the storage capacity requirements in different areas. The effects of methodological
variability can be minimized by long-term monitoring of data, calibrating the methods using these data, and constructing
watersheds to store the wide ranges of runoff. The areas showed significant differences in IDF curves, emphasizing the need
for studying smaller areas rather than the entire region. A better understanding of the variability in IDF relationships may
assist in controlling flash floods and maximizing runoff storage.

Keywords IDF curve - Rainfall depth—duration conversion - The southwestern region of Saudi Arabia - Flash floods -
Methodological limitations

1 Introduction

The Kingdom of Saudi Arabia has low average annual rain-
fall with a few extreme precipitation events per year, which
are occasionally responsible for the loss of lives and prop-
erties. The intense rainfall in 2009, 2011, and 2013 created
flash floods, which were responsible for the death of 100,
10, and 7 people, respectively, in the southwestern region
of the country [1-3]. In Saudi Arabia, the source of surface
water is seasonal rainfall. In the northern region, annual
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rainfall varies between 70 and 200 mm (long-term aver-
age=70.1 mm/year), while in the south, 500 mm/year of
rainfall (long-term average =265 mm/year) is not unlikely
[4].

In 2012, a total of 449 dams collected and recharged
approximately 2.02 billion cubic meters (BCM) of runoff
[5], which is a significant increase from 2009’s collection of
1.4 BCM of runoff using 302 dams [6]. Despite the increase
in collected runoff, the occurrences of flash floods and
excess runoff almost every year indicate the vulnerability of
the southwestern region. Understanding the rainfall-runoff
relationship may assist in strategic planning to reduce such
vulnerability and maximize runoff collection. The south-
western region is mostly mountainous and is likely to gen-
erate surface runoff within a few minutes to a few hours [7,
8] after rainfall. Research to date has indicated the need for
water resource augmentation through rainwater collection
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and conservation as a partial solution to the water crisis
problem [6, 9]. Runoff collection and rainwater harvesting
in semiarid and arid countries were reported to be economi-
cally feasible [10-12].

Intensity—duration—frequency (IDF) relationships have
first become available in 1932 [13]. Hershfield [14] devel-
oped rainfall contour maps to determine rainfall design
depths for various return periods and durations. Bell [15]
proposed a generalized IDF formula using the 1-h, 10-year
rainfall depths, P}O, as an index. Chen [16] developed a
generalized IDF formula for the USA using three base rain-
fall depths: the 1-h, 10-year rainfall depths,P:O; the 24-h,
10-year rainfall depths,Pég; and the 1-h, 100-year rainfall
depths,P}Oo. Kothyari and Garde [17] presented a relation-
ship between rainfall intensity and the 24-h, 2-year rain-
fall depths,Pg 4> for India. Using depth—duration—frequency
(DDF) relationships, Al-Shaikh [18] recommended dividing
Saudi Arabia into six regions to analyze rainfall data, with
the southwestern region playing the most important role in
the context of flood protection and runoff collection [4]. Al-
Dokhayel [19] estimated rainfall DDF relationships for vari-
ous return periods in Qassim, Saudi Arabia. Elsebaie [20]
developed IDF relationships for Najran and Hafr Al-Batin
in Saudi Arabia. They applied the Gumbel and log-Pearson
Type III (LPT III) distributions. Ewea [21] developed IDF
curves for the Makkah Al Mukarramah region and found
that the optimal distribution for the Makkah region is the
Gumbel Type I distribution. Al-Hassoun [22] presented
an IDF relationship for Riyadh, Saudi Arabia, and noted a
similarity between the Gumbel and LPT III methods. Such
a similarity might be attributed to the consistently low rain-
fall in the Riyadh region. Awadallah et al. [23] presented
a methodology for developing an IDF relationship through
the joint use of limited ground data and Tropical Rainfall
Measuring Mission (TRMM) satellite data. A methodology
for obtaining the ratio between daily and sub-hourly rainfall
was developed. Al-Subyani et al. [24] investigated the effects
of topography, seasonal variability, and aridity on rainfall
variability in the western region of Saudi Arabia.

Al-Zahrani et al. [9] investigated the spatiotemporal
variability in rainfall in this region and the generation of
surface runoff under a variable set of coefficients. Ewea
et al. [25] developed IDF curves for Saudi Arabia based on
measured rainfall in 28 meteorological stations and storm
durations ranging from 10 min to 24 h. Abdeen et al. [26]
investigated the distribution of the maximum daily rainfall
in Saudi Arabia and concluded that the best model was
the log-Pearson Type III distribution. Zainudini et al. [27]
developed an IDF relationship using the ground station data
from Sistan and Balochistan covering the borders of Iran,
Pakistan, Afghanistan, and Oman. Jaleel and Farawn [28]
developed an IDF curve for Basrah city, Iraq. The authors
derived the sub-hourly data from the daily data using the
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Indian Meteorological Department (IMD) method [29].
Nhat et al. [30] developed IDF curves for seven stations in
the monsoon area of Vietnam and proposed a generalized
IDF formula using the base rainfall depth and base return
period for the Red River Delta of Vietnam. Solaiman and
Simonovic [31] developed probability-based IDF curves
under climate change conditions for London, Ontario, Can-
ada. Agarwal and Suchithra [32] used log-normal, normal,
and Gumbel (EV-I) distributions to develop IDF curves for
Krishna District, India.

The availability of IDF relationships is important to bet-
ter plan for flash floods and runoff collection. The literature
on the development of IDF curves for various regions using
different approaches is abundant. However, IDF curves were
reported only for a few cities in the southwestern region of
Saudi Arabia, and a comprehensive representation of this
region using IDF relationships is scarce [20, 33]. Further-
more, the topography of the region is variable, so the region
needs to be divided into smaller areas for a better estima-
tion of IDF relationships. Since rainfall data are available
on a daily basis and sub-hourly data are required to develop
IDF relationships, several approaches are taken to obtain
sub-hourly data from daily data . In this study, five areas
with relatively high rainfall (Abha, Al-Baha, Bisha, Gizan,
and Khamis Mushait) were selected from the southwestern
region of Saudi Arabia. The 25-year daily maximum rainfall
data were converted into hourly and sub-hourly data using
four methods. IDF curves were developed for each area
using these methods, and the results were compared. The
parameters for the IDF curves were estimated. The ranges
of storage capacities to minimize flood occurrences were
assessed. The advantages of IDF curves and their methodo-
logical limitations were discussed.

2 Methodology
2.1 Data Collection and Study Area

The southwestern region of Saudi Arabia is mountainous,
with elevations of up to 2000 m above the mean sea level.
The region is located within the subtropical climate zone
and receives the highest rainfall in the country[4, 34]. It
is under the influence of a relatively moist southeasterly
stream of monsoon air[34]. The periods of March—May and
July—August are the main rainy seasons, due to an increase
in rainfall along the leeward side of the mountains and the
Red Sea Coast. The location of the study areas is shown in
Fig. 1. The study region is divided into five areas: Abha,
Al-Baha, Bisha, Gizan, and Khamis Mushait, which are cov-
ered by rain gauges of the Ministry of Water and Electricity
(MOWE). In this study, the daily rainfall data for 25 years
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Fig. 1 Study area (southwestern
region of Saudi Arabia)

(1985-2009) were obtained from MOWE. A detailed sum-
mary of the data is available in Al-Zahrani et al. [9].

2.2 Rainfall Depth-Duration Relationship

In developing the IDF curves, it is necessary to obtain the
maximum rainfall for specific durations (e.g., 5, 10, 15, 20,
30 min) in each year of the historical dataset. However,
obtaining such data for a longer period is difficult, particu-
larly in areas with low rainfall, scattered shower events, and
mountainous topography. Accurate estimation is challenging
particularly in areas with sparse observations and regions
with complex terrain [35], such as the southwestern region
of Saudi Arabia. Although measuring precipitation by rain
gauges provides the most accurate data, there are limitations
associated with the spatial and temporal resolution [36]. As
a result, several researchers have become interested in using
indirect remotely sensed estimate (RSE) data, such as radar
and satellite data, as they provide fine-scale information
[37-41]. Al-Areeq et al. [42] developed a method that can
be used to adjust global precipitation measurements (GPM)
based on daily rain gauge observations to obtain highly accu-
rate spatial and temporal rainfall data, which can be used
as a substitute for the lack of data. Past studies have used
several approaches to obtain sub-hourly data from daily and
hourly rainfall data, and the rainfall depth-to-duration ratio
can be obtained using several methods:

2.2.1 Method 1

In the USA, Hershfield [14] recommended using the follow-
ing ratios of the 1-h rainfall to the rainfall of 5, 10, 15, and
30 min for the same return period: 0.29, 0.45, 0.57, and 0.79,
respectively. Using 15 years of data from 15 stations cover-
ing South Africa, Reich [43] found similar ratios between
the 1-h rainfall and the 5-, 10-, 15-, and 30-min rainfall. The
author hypothesized that the ratios of Hershfield [14] might

be applicable to the whole world. However, in an Austral-
ian study, Al-Khalaf [44] reported ratios of 0.3, 0.57, 0.78,
and 1.24 for 5, 15, 30, and 120 min of rainfall, respectively,
while Saad [45] reported similar ratios using rainfall data
from 40 continuous rainfall recorders in Jordan. The World
Meteorological Organization (WMO) provided similar ratios
to those of Hershfield [14] to obtain the sub-hourly rain-
fall depth from the hourly rainfall depth [46]. In Canada,
Solaiman and Simonovic [31] used these ratios in devel-
oping probability-based IDF curves under variable climatic
conditions.

The Indian Meteorological Department (IMD) developed
the following relationship between the daily rainfall data and
the hourly rainfall data:

P, = Pyy(tha)"”’ 1)

where P,=estimated precipitation depth (mm) for the dura-

tion of ¢ hours, P,,=daily precipitation depth (mm), and
t=time duration (h) for which the precipitation depth is
required (e.g., 1, 2,4, 6, 12 h).

Using Eq. (1), the rainfall depth can be obtained for 1 h
from the daily rainfall data. The sub-hourly rainfall depth can
be estimated using the abovementioned Hershfield ratios. If
the rainfall occurs in thunderstorms, the duration is likely
to be much lower. The southwestern region of Saudi Arabia
is mountainous, and rainfall is often accompanied by thun-
derstorms, lasting for 1/2 h to less than 2 h [20, 34]. In such
a scenario, the ratio between 1-h and 24-h rainfall typically
varies in the range of 0.5-0.6 [45]. As an example, evidence
of Sanaa, Yemen, can be provided [45]. In 1972—-1974, the
hourly maximum rainfall depths around Sanaa (Yemen) were
39, 27, and 16 mm in Dhahran, Mind, and Dhab, respec-
tively. However, the maximum daily rainfall depth for the
past 30 years was reported to be 65 mm, with a ratio of the
hourly maximum to the daily maximum of approximately
0.6 [45]. Since Eq. (1) was developed for wet regions, it was
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not used in this study to avoid high uncertainty. Also, Eq. (1)
gives a ratio between 1-h and 24-h rainfall of around 0.35,
which is much lower than the values reported in Wheater
et al. [47], Saad [45], and Al-Khalaf [44] and lower than the
value that we found (0.65) when we analyzed the 7-year sub-
daily rainfall data for one station located in Dhamar, Yemen.
Therefore, the ratios of Hershfield [14] were used to obtain
the sub-hourly depths, and a ratio between 1-h and 24-h rain-
fall of 0.6 was used to determine the hourly rainfall depth.
Since the ratios proposed by Hershfield were used to obtain
the sub-hourly rainfall depth from the hourly rainfall depth,
the lack of hourly rainfall data for the study area might have
affected the performance of this method.

2.2.2 Method 2

Wheater et al. [47] provided ratios for shorter durations
using the daily rainfall data in the southwestern region of
Saudi Arabia. The rainfall data were mainly from short-
duration storm events in a day [20, 34]. Wheater et al. [47]
recommended using the following ratios of the 1-day rainfall
to the rainfall of 10 min, 30 min, 1 h, 2 h, and 6 h: 0.33, 0.56,
0.68, 0.79, and 0.92, respectively. This method analyzed the
historical rainfall patterns in this region and thus might be
more representative.

2.2.3 Method 3
Al-Khalaf [44] developed rainfall depth—duration relation-

ships for eight regions of Saudi Arabia. For the southwestern
region, the following relationship was obtained:

2.2.4 Method 4

Bell [15] developed ratios of the rainfall depths of any short
duration to the rainfall depth of 24 h. The ratios from Bell [15]
are much lower than those from Wheater et al. [47], with the
data from the latter study representing the historical rainfall in
the southwestern region of Saudi Arabia. Al-Khalaf [44] noted
that the ratios of Bell [15] might not be representative of the
conditions in the southwestern region of Saudi Arabia. The
ratios of the four methods are shown in Table 1.

2.3 IDF Curve Development
2.3.1 Gumbel Distribution

The IDF curves can be developed using frequency analysis.
The extreme value Type I (Gumbel) distribution is widely
used in developing IDF curves. Elsebaie [20] used the Gum-
bel and LPT III distributions to develop IDF curves for two
cities in Saudi Arabia. This study did not find a significant
difference between the Gumbel and the LPT III distribution.
The extreme value distribution is recommended as the best one
for fitting the series of annual rainfall maxima [48]. Several
studies around the world have recommended using the Gum-
bel distribution to develop IDF curves [28, 31, 49, 50]. If the
annual maxima are available for 20 years or more, the Gumbel
distribution has been recommended in many past studies [51].
In the absence of data, the Gumbel distribution can be used to
reach a higher level of safety by obtaining higher intensities for
shorter durations [48]. This method calculates the rainfall with
return periods of 2, 5, 10, 25, 50, and 100 years. The rainfall
depth for any duration (e.g., 5, 10, 30 min) with a specific

!
i — 0.1935 0-3904 o) return period can be obtained as follows:
P6O
T
Pr= Pavg + K;S 3)
where P’T = rainfall depth for duration ¢ (minutes) with
return period T (years), Pf;oz rainfall depth for 60 min with Y
return period 7, and r=required duration in minutes for rain- 1 < 2 2 @)
fall depth. Using Eq. (2), rainfall depth-to-duration ratios §= n—1 21 (P i—P avg)
were obtained. = -
The developed relationships were not used by other
researchers to investigate the relationships’ uncertainty, K. = \/8 [O 5772 4+ 1 [1 T ”] )
perhaps because the relationships were not published in a = gz nm 1T -1
journal paper.
Table 1 Rainfall ratios for shorter durations
Duration (D,) 5 min 10 min 15 min 20 min 30 min lh 2h 6h 1 day Ratio base
Hershfield (1961) 0.29 0.45 0.57 - 0.79 1 - - - Shorter durationto 1 h
Wheater et al. (1989) - 0.33 - - 0.56 0.68 0.79 0.92 1 Shorter duration to 1 day
Al-Khalaf (1997) 0.36 0.48 0.56 - 0.73 1 Shorter duration to 1 h
Bell (1969) 0.13 0.2 - 0.28 0.34 0.44 0.57 0.75 1 Shorter duration to 1 day
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where P;=frequency of rainfall for any duration with a
return period of 7' years (mm), P,,,=average of rainfall data
corresponding to that duration (mm), S =standard devia-
tion of the data series (mm), K, = Gumbel frequency factor,
P;=rainfall value for this duration in the ith year (mm), and
T=return period (years).

Using the four methods of obtaining rainfall depth-to-
duration ratios, the annual maxima for different durations
(e.g., 5, 10, 15, 30 min) were calculated from the yearly
maximum daily rainfall data (Table 2). The average, stand-
ard deviation, and frequency factor for return periods of
2,5, 10, 25, 50, and 100 years were calculated (Eqgs. 4-5)
for each duration (e.g., 5, 10., 15, 30 min). Using these
values in Eq. (3), the frequency of rainfall depth (P;) was
predicted. The rainfall depth frequencies (P;) were divided
by the corresponding durations to obtain the rainfall inten-
sities. The rainfall intensities for different durations with
return periods of 2, 5, 10, 25, 50, and 100 years were plot-
ted against the rainfall durations to obtain the IDF curves.

Table 2 The original data on daily maximum rainfall for 25 years in
the southwestern region of Saudi Arabia (mm)

Rank Abha Al-Baha Bisha Gizan Khamis
Mushait

1 119.9 129.3 39.5 90 99.2
2 106.2 63.5 35.9 67.2 59.7
3 88.6 56.3 34.5 67.1 56.3
4 61.1 50.1 33 66 44
5 56 49.2 31.9 61.6 40.7
6 55.9 46.8 31.8 60.1 40
7 48.1 46.8 31.7 50 39.5
8 45.5 40 31.5 48 39.1
9 41.5 32 29.8 47 37.1
10 40.9 30.5 28.7 43 36
11 39.1 28.9 27.2 42.3 33.2
12 35.7 27 22.3 40.2 29.6
13 34.9 27 21.5 38 28.5
14 322 27 18.8 36 28.3
15 31 26.2 17.5 31.6 27.2
16 28.6 25.7 16 30 26.2
17 28.5 23.6 15.8 29.2 25
18 244 23 13.7 29 22.7
19 24.1 20.5 12.9 26.2 21.8
20 24 15.7 12.7 25 20.9
21 23 12.4 12.6 23.5 20.2
22 17.5 10.4 12.2 19.1 18.4
23 17 10 10.2 17 18
24 16.4 10 10.1 15 13.9
25 10 5.2 8.7 14 7.2

2.3.2 Log-Pearson Type Il (LPT Ill) Distribution

The daily maximum rainfall for the southwestern region of
Saudi Arabia is shown in Table 2. These data were used to
estimate the frequency of the daily rainfall over the catch-
ment using the log-Pearson Type III distribution (LPT
IIT) [52]. Nhat et al. [30] used the LPT III distribution to
develop an IDF curve for Vietnam. Computing the loga-
rithms of the data is required for the LPT III distribution,
and then the mean, skewness coefficient (K), and stand-
ard deviation of these logarithms can be estimated. The
K coefficients were estimated for different return periods
based on the K coefficient that was used. The values of the
K coefficient were used together with the standard devia-
tions and means to estimate the rainfall frequency values.

2.3.3 RainyDay

RainyDay [53] is a Python-based platform that uses the
stochastic storm transposition (SST) method with rainfall
remote sensing data to generate large numbers of realistic
extreme rainfall scenarios based on relatively short records
by transposing observed historical storm events over any
given watershed. Accordingly, the extreme rainfall statis-
tics for a specific region can be examined to develop a haz-
ard model by using these rainfall scenarios. Wright et al.
[54] mentioned that the SST method, which effectively
lengthens the extreme rainfall record by temporal resam-
pling and spatial transposition of observed rainstorms, is
simply trading space with time.

2.4 IDF Equation Development

The IDF equations represent the relationships among rain-
fall intensity, duration, and return period. The IDF equa-
tion can be presented as

_crm
tl’l

1

(6)

where /=rainfall intensity (mm/h); T=return period
(years); t=rainfall duration (minutes); and C, m, and n are
parameters. Using the logarithmic function, Eq. (6) can be
expressed as

logl =1og (CT™) — nlogt @)

For a particular return period (7), CT™ = (K) is con-
stant. The log (/) versus log (¢) plot for a specific return
period results in a straight line for Eq. (7), from which the
value of n (slope) and the intercept (log (K)) are obtained.
For each return period, the values of log (K) and n are
obtained. The average of the values of n represents the
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parameter n, while the intercepts (log (K)) can be repre-
sented as

logK =log(C) + mlogT ®)

The log (K) versus log (T) plot results in a straight line,
from which the values of the intercept (log (C)) and the
slope (m) are obtained. The values of C, m, and n are sub-
stituted in Eq. (6) to obtain the IDF equations. Further
details on determining the parameters of the IDF curves
can be found in the literature [20, 33, 48].

3 Results and Discussion

3.1 IDF Curves

The IDF curves were developed for five areas (Abha, Al-
Baha, Bisha, Gizan, and Khamis Mushait) in the southwest-
ern region of Saudi Arabia using the Gumbel distribution,
the LPT III distribution, and RainyDay.

3.1.1 Gumbel Distribution

Four methods for obtaining the rainfall depth—duration rela-
tionships and the Gumbel frequency factor were used. The
IDF curves for Abha are presented in Fig. 2, while the IDF
curves for the other areas are discussed when the different
return periods are compared. For all methods, the log—log
plots of the IDF curves showed a nearly perfect linear rela-
tionship (Fig. 2). In the Abha region, Al-Anazi and Elsebaie
[33] also presented such a relationship in the log—log plot of
IDF curves using the Gumbel method.

In Abha, the rainfall intensity for a duration of 10 min
with a return period of 2 years varies in the range of
45.5-75.0 mm/h. For the same duration with a return
period of 50 years, the rainfall varies in the range of
152.1-250.9 mm/h, while for a return period of 100 years,
the rainfall varies in the range of 173.2-285.7 mm/h (Fig. 2).
The minimum and maximum rainfall intensities correspond-
ing to the different rainfall durations are presented in Table 3.
In these areas, the rainfall intensities for a duration of 10 min
with return periods of 50 and 100 years vary in the ranges
of 62.9-259.9 and 70.4-285.7 mm/h, respectively (Table 3),
indicating that the application of a single IDF curve to the
entire southwestern region may not be representative. It is
advisable to understand the rainfall characteristics in each

Fig.2 IDF curves for Abha with 1000 ——2 yrs 1000
return periods of 2, 5, 10, 25, ——5 grs g 4
50, and 100 years using Gumbel ——10 yrs lgrs
frequency distributions = ——25 yrs E 100 25 ﬁz
E —0—50 yrs % ——50 yrs
§ —e—100 yrs i —o—100 yrs
Z 2 1
5 2
i =
1
100 10000 10 100 1000 10000
Duration (minute) Duration (minute)
Method 1 Method 2
1000 1000
—o—2 yrs —o—2 yrs
——5 yrs 5yrs
. ——10 yrs _ 10 yrs
g ——25 yrs < 100 25 yrs
E ——50 yrs E —e—50 yrs
g ——100 yrs - —0—100 yrs
2 £ 10
E E
1
10 100 1000 10000 10 100 1000 10000
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Table 3 Minimum and maximum rainfall intensities (mm/h) for specific durations at different return periods

T, 2 yrs 5yrs 10 yrs 25 yrs 50 yrs 100 yrs

Ty Min Max  Min Max Min Max Min Max Min Max Min Max

Abha 10 45.5 75.0 79.6 131.4 102.3 168.8 130.9 215.9 152.1 250.9 173.2 285.7
30 25.8 42.4 45.1 74.3 58.0 95.5 74.2 122.2 86.2 142.0 98.1 161.6
60 16.7 25.8 29.2 45.1 37.5 58.0 48.0 74.2 55.8 86.2 63.5 98.1
120 10.8 15.0 18.9 26.2 24.3 33.7 31.1 43.1 36.1 50.1 41.1 57.0
Al-Baha 10 35.6 58.8 67.1 110.8 88.0 145.2 114.4 188.8 134.0 221.1 153.4 253.1
30 20.2 332 38.1 62.7 49.9 82.2 64.8 106.8 75.9 125.0 86.9 143.2
60 13.1 20.2 24.6 38.1 323 49.9 42.0 64.8 49.1 75.9 56.2 86.9
120 8.5 11.7 16.0 22.1 20.9 29.0 27.2 37.7 31.8 44.1 36.4 50.5

Bisha 10 252 41.5 373 61.5 453 74.7 55.4 91.5 62.9 103.9 70.4 116.2
30 14.3 23.5 21.1 34.8 25.7 423 314 51.7 35.7 58.8 39.9 65.7
60 9.2 14.3 13.7 21.1 16.6 25.7 20.3 314 23.1 35.7 25.8 39.9
120 6.0 8.3 8.9 12.3 10.8 14.9 13.2 18.2 15.0 20.7 16.7 232
Gizan 10 453 74.7 69.5 114.8 85.6 141.3 106.0 174.8 121.0 199.7 136.0 224.4

30 25.6 42.2 39.4 64.9 48.5 79.9 60.0 98.9 68.6 113.0 71.1 126.9
60 16.6 25.6 25.5 39.4 314 48.5 38.9 60.0 44.4 68.6 49.9 77.1
120 10.8 14.9 16.5 229 20.3 28.2 252 349 28.7 39.8 323 44.8
Khamis Mushait 10 36.6 60.5 59.6 98.4 74.9 123.5 94.1 155.3 108.4 178.8 122.6 202.2
30 20.8 34.2 33.8 55.7 42.4 69.9 53.3 87.8 61.4 101.2 69.5 114.4
60 13.4 20.8 21.9 33.8 27.5 42.4 34.5 533 39.7 61.4 44.9 69.5
120 8.7 12.1 14.2 19.6 17.8 24.6 22.4 31.0 25.7 35.7 29.1 40.3

T,: return period (year); T: Rainfall duration (minute); Min: Minimum (mm); Max: Maximum.

Table4 Maximum daily rainfall(mm) for different return periods u'sing rainfa?l data from the TRMM Multi-satellite Predpita'
using the Gumbel distribution tion Analysis (TMPA) [55].

Tr Abha Al-Baha Bisha Gizan Khamis Mushait .
3.1.3 Comparison of 24-h IDF Curves

379 29.7 21.0 37.7 30.5

5 66.4 56.0 31.1 58.0 49.7 The 24-h IDF curves generated using the Gumbel distribu-
10 85.2 73.3 317 714 62.4 tion were compared with those generated using the LPT III
25 109.1 95.3 46.2 88.3 78.4 distribution and RainyDay for the TMPA rainfall datasets for
50 126.7 1116 52.5 100.9 90.3 the southwestern region of Saudi Arabia (Fig. 4). Moreover,
100 1443 1278 58.7 1133 102.1 the 24-h IDF curves developed for Abha by the three above-

mentioned techniques were compared with those generated

by Ewea et al. [25], which are regarded as a reference for
area separately for the implementation of infrastructural pro- ~ comparison. For Abha, the results show a relatively good
jects. The maximum daily rainfall values for return periods ~ agreement between Gumbel, LPT III, and Ewea et al. [25],
between 2 and 100 years are shown in Table 4. but the RainyDay results show an underestimation for the

low return periods and a good agreement between Gumbel,

3.1.1.1 LPT Ill Figure 3 shows the frequency distribution, ~ LPT I1I, and Ewea et al. [25] for the high return periods
fitted to the LPT III distribution, of the rainfall data of the (Table 7). For Al-Baha, the results show a relatively good
southwestern region of Saudi Arabia. Table 5 shows the  agreement between Gumbel and LPT III, while RainyDay
maximum daily rainfall values for return periods between shows an underestimation for the low return periods and an

2 and 100 years. overestimation for the high return periods. The IDF results of
Bisha show a good agreement between the results obtained
3.1.2 RainyDay by Gumbel and LPT III and the minimum values obtained by
RainyDay for all return periods. The Ewea et al. [25] results
RainyDay was used to generate IDF results for a 24-h dura- show an overestimation compared with the Gumbel, LPT

tion for the southwestern region of Saudi Arabia (Table 6)  III, and RainyDay results for all return periods except the
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Fig.3 Fitted log-Pearson Type III distribution for different sub-regions

100-year return period. This may be attributed to the mis-  RainyDay results show an underestimation for the low return
match in spatial resolution between the rain gages (approxi-  periods and an overestimation for the high return periods.
mately 0.1 m?) and the remote sensing data (approximately ~ The results in Fig. 4 for Khamis Mushait show a relatively
625 km? for TMPA) [53]. The Gizan IDF results show a  good agreement between Gumbel, LPT III, and RainyDay. In
good agreement between Gumbel and LPT III, but the  this study, the Gumbel and LPT III distributions, which are
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Table 5 Maximum daily rainfall (mm) for different return periods
using the LPT III distribution

Tr Abha Al-Baha Bisha Gizan Khamis Mushait
35 26.9 20.4 36.4 29.6
57.8 48.3 30.2 554 45.6

10 76.4 65.3 37.0 68.7 56.8

25 103.2 89.8 45.7 86.2 71.7

50 126.1 110.1 524 99.7 83.1

100 151.3 132.1 59.1 113.5 94.7

suited for extreme value events such as erratic rainfall in arid
regions, showed a good agreement. Regarding the existing
literature, Al-Shaikh [18] found that LPT III and Gumbel
yielded similar IDF values in some regions of Saudi Arabia.
Also, similar findings were observed by Al-Hassoun [22] in
the Riyadh region. Subyani and Al-Amri [56] mentioned no
remarkable differences between LPT III and Gumbel in Al-
Madinah city, western Saudi Arabia. However, Elsebaie [20]
noticed that the Gumbel distribution yielded larger rainfall
intensity estimates than the LPT III distribution.

3.2 Effects on Rainfall Intensity Predictions

Table 3 shows wide ranges of rainfall intensities in differ-
ent methods. The predicted rainfall intensities also vary
considerably among different areas. For a specific duration,
Bisha has the lowest intensities, while Abha has the highest
intensities (Table 3). To explain the variability among differ-
ent methods and areas, the IDF curves with a return period
of 100 years were plotted (Fig. 5). In Abha, the rainfall
intensities for a 10-min event are 233.7, 285.7, 249.3, and
173.2 mm/h for Method 1, Method 2, Method 3, and Method
4, respectively (Fig. 5). In Al-Baha, these values are 207.1,
253.1, 220.9, and 153.4 mm/h, respectively. The rainfall
intensities in Abha are 13% higher than the rainfall intensi-
ties in Al-Baha. In Bisha, the rainfall intensities for the same
duration are 95.1, 116.2, 101.4, and 70.4 mm/h, respec-
tively. In Gizan, these intensities are 183.6, 224.4, 195.8,
and 136 mm/h, respectively, while in Khamis Mushait, these

values are 165.5, 202.2, 176.5, and 122.6 mm/h, respec-
tively. The rainfall intensities in Bisha were only 41% of
the rainfall intensities in Abha. The variability in rainfall
intensities among these areas might have implications for
planning flood protection and runoff storage infrastructure.

Comparing the different methods shows that Method 4
resulted in the lowest intensities and Method 2 in the high-
est intensities. For a 10-min rainfall event, Methods 1-3
had 35%, 65%, and 44% higher intensities than Method 4,
respectively. The ratio of the rainfall intensities for differ-
ent durations is presented in Fig. 6. For all short-duration
rainfall events with a return period of 100 years, Method
2 has the highest intensities (Fig. 6). The intensities for a
10-min duration in Method 1, Method 3, and Method 4 are
81.8%, 87.3%, and 60.6% of Method 2, respectively (Fig. 6).
For a 30-min event, the intensities were 84.6%, 78.2%, and
60.7% of Method 2, respectively, while for a 60-min event,
these were 88.2%, 88.2%, and 64.7% of Method 2, respec-
tively. In the case of a duration of 120 min, Method 3 and
Method 4 have 94.9% and 72.2% of the intensities in Method
2, respectively, while Method 1 does not have an intensity
for a 120-min duration. Notice that Method 4 underestimated
the rainfall intensities, which confirms what was noted by
Al-Khalaf [44]. Awadallah and Younan [57] found that Bell
ratios (Method 4) are suitable for representing rainfall pat-
terns for rainfall durations of less than 2 h in arid regions.
The other three methods gave similar results, which could
be attributed to the fact that Method 2 and Method 3 were
developed for Saudi Arabia, while Method 1 can be used for
the whole world.

3.3 Equations of IDF Curves

A total of 20 IDF Egs. (5 areas x4 methods) were developed.
The parameters for the IDF curves are shown in Table 8.
The value of m is constant for an area, while C and n are
variable (Table 8). For Abha, Al-Baha, Bisha, Gizan, and
Khamis Mushait, the values of C in Methods 1-4 are in the
ranges of 194.2-442.19, 153.56-349.66, 106.13-241.66,
191.25-435.49, and 155.42-353.92, respectively. For
these areas, the values of m and n are in the ranges of

Table 6 Minimum, mean, and maximum 24-h duration rainfall (mm) for different return periods using RainyDay with TMPA rainfall data

Tr Abha Al-Baha Bisha Gizan Khamis Mushait
Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max
8.5 14.9 20.8 8.5 14.9 20.8 8.2 12.0 16.8 6.1 114 18.4 6.5 10.7 16.6
27.0 337 434 270 337 434 213 28.9 392 226 30.6 47.0 203 29.9 41.9
10 36.0 459 56.8 36.0 459 56.8 294 42.1 576 329 44 .4 60.8 324 44.0 60.6
20 41.6 590 77.1 41.6  59.0 77.1 39.1 55.2 78.0 43.1 59.5 87.2 40.8 57.1 78.0
50 53.3 81.1 1294 533 81.1 129.4 478 80.3 212.5 492 80.9 129.6 520 76.7 127.4
100 620 98.7 148.8 620 98.7 148.8  53.8 107.7 2457 595 108.3 250.5 55.6 107.0  250.5
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Fig.4 Comparison of 24-h IDF curves from Ewea et al. (2017), Gumbel, LPT III, and RainyDay using TMPA data for different sub-regions with

return periods of 2, 5, 10, 25, 50, and 100 years

0.2545-0.3551 and 0.681-0.788, respectively. The param-
eters (C, m, n) for Abha are comparable to those obtained by
some past studies. Using three frequency factors, Al-Anazi
and Elsebaie [33] predicted C, m, and n for Abha to be in
the ranges of 287.42-369.82, 0.142-0.307, and 0.608-0.613,
respectively. The parameters for the IDF curves in other

@ Springer

areas could not be compared due to the limited number of
past studies in these areas.

The parameters in Table 8 predicted reasonable rainfall
intensities in all areas (Table 9). For example, in Abha, the
rainfall intensities of a duration of 10 min with a return
period of 100 years were predicted to be 258.4, 324.5,
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Table 7 Comparison of IDF
curves from Ewea et al. (2016),
Gumbel, LPT III, and RainyDay

Tr Eweaetal. 2016 Gumbel LPT III

Rainyday Error (%)

Minrain Meanrain Maxrain Gumbel LPT III Rainyday

using TMPA rainfall datasets

for 24-h durations for Abha 2 449 379 35 8.5 14.9 20.8 15.6 22.0 53.7
5 69.5 664 578 27 337 434 45 16.8 37.6
10 89.1 852 764 36 459 56.8 44 14.3 36.3
20 109.6 - - 41.6 59 77.1 - - 29.6
25 1163 109.1 1032 - - - 6.2 11.3 -
50 1379 126.7 126.1 533 81.1 1294 8.1 8.6 6.2
100 160.3 144.3 1513 62 98.7 148.8 10.0 5.6 7.2
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Fig.5 IDF curves for different sub-regions with return period of 100
years

268.3, and 182.3 mm/h for Methods 1-4, respectively. The
rainfall intensities that were used for estimating the param-
eters are 233.7, 285.7, 249.3, and 173.2 mm/h for Methods
1-4, respectively, indicating that the model predictions are

Table 8 Parameters for the IDF curves in different methods

Sub-area  Parameter Method 1 Method 2 Method 3 Method 4
Abha C 328.57 442.19 338.83 194.20
m 0.3268 0.3268 0.3268 0.3268
n 0.758 0.788 0.755 0.681
Al-Baha C 259.81 349.66 267.94 153.56
m 0.3551 0.3551 0.3551 0.3551
n 0.758 0.788 0.755 0.681
Bisha C 179.56 241.66 185.17 106.13
m 0.2545 0.2545 0.2545 0.2545
n 0.758 0.788 0.755 0.681
Gizan C 323.59 435.49 333.70 191.25
m 0.2713 0.2713 0.2713 0.2713
n 0.758 0.788 0.755 0.681
Khamis C 262.97 353.92 271.19 155.42
Mushait 02966 02966 02966  0.2966
n 0.758 0.788 0.755 0.681

Equation of IDF curve:l = CT™/{", I=rainfall intensity (mm/h);
T=return period (years); ¢t =rainfall duration (minute); C, m, n are the
parameters
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Table 9 Modeled and estimated rainfall intensities(mm/h) for a dura-
tion of 10 min with a return period of 100 years

Sub-region Method 1 Method 2 Method 3 Method 4
Abha Modelled 258.4 3245 268.3 182.3
Original ~ 233.7 285.7 2493 173.1
Al-Baha  Modelled 232.7 2923 241.7 164.2
Original ~ 207.1 253.1 220.9 153.4
Bisha Modelled 101.2 127.1 105.1 714
Original ~ 95.0 116.2 101.4 70.4
Gizan Modelled 197.1 2475 204.6 139.1
Original  183.6 224.4 195.8 136.0
Khamis ~ Modelled 179.9 226.0 186.8 127.0
Mushait  Original ~ 165.5 202.2 176.5 122.6

5.3-13.6% higher than the input data. Overall, the rainfall
intensities predicted by the equations (Table 8) for Abha,
Al-Baha, Bisha, Gizan, and Khamis Mushait are 5.3-13.6%,
7.1-15.5%, 1.4-9.4%, 2.2-10.3%, and 3.6-11.8% higher
than the rainfall intensities used for predicting the parame-
ters. Relatively consistent outputs of the IDF equations indi-
cate that representative values of rainfall intensities may be
obtained by using these equations. It can be concluded that
Method 4 showed the worst performance and that Method 2
showed the best performance for all regions. The methods
yielded different outcomes because Method 2 used the his-
torical data of rainfall in the southwestern region of Saudi
Arabia, while Method 4 used the historical data of other
regions. Thus, Method 4 might not be an appropriate method
for the conditions of the southwestern region of Saudi Ara-
bia, as reported by Al-Khalaf [44]. However, the parameters
should be further validated using additional hourly and sub-
hourly rainfall data for better performance.

3.4 Implications for Flood Protection and Runoff
Storage

IDF curves have many applications, including designing
storm sewer systems, as well as flood protection and runoff
storage through dams and watersheds. The four methods of
predicting rainfall depth—duration ratios have shown wide
ranges of intensities for shorter durations. Furthermore, the
areas show significant differences. In the case of a 10-min

rainfall event, the IDF ordinates for Method 1, Method 2,
and Method 3 are 35%, 65%, and 44% higher than the ordi-
nates of Method 4, respectively. For a 30-min event, the ordi-
nates are 39%, 65%, and 29% higher than those of Method 4,
respectively. Designing hydraulic structures using the IDF
relationship of Method 4 may not be adequate, while the
application of the IDF relationship of Method 2 may involve
significant costs. However, the data of Method 2 represented
the historical trends of the southwestern region of Saudi
Arabia [47].

Further assessment was performed with respect to the
need for runoff storage capacity. The areas of Abha, Al-
Baha, Bisha, Gizan, and Khamis Mushait are approximately
50, 12,000, 19,200, 13,000, and 500 km?, respectively, while
their topography is quite different. For a 30-min rainfall
event with a 100-year return period, the ranges of the rain-
fall intensities in these areas are 98.1-161.6, 86.9-143.2,
39.9-65.7,77.1-126.9, and 69.5-114.4 mm/h, respectively.
In similar geological areas, past studies used runoff coef-
ficients in the range of 0.05-0.65 [9]. For an area in the
southwestern region of Saudi Arabia, Nouh [58] reported
runoff coefficients in the range of 0.133-0.185. Sen and Al-
Suba [59] estimated runoff coefficients for Tihama in the
Asir region in the range of 0.05-0.22. In mountainous areas,
some studies showed that the runoff coefficient might reach
0.65 [60]. For demonstration purposes, average runoff coef-
ficients of 0.10-0.50 were assumed for each area, and the
ranges of storage capacities are shown in Table 10. Note that
these values are somewhat arbitrary and can be updated in
future research. For a runoff coefficient of 0.1, the storage
capacity requirements for Methods 1-4 were in the ranges
of 0.25-0.4, 52.0-86.0, 38.3-63.1, 50.1-82.5, and 1.9-2.9
million cubic meters (MCM) for Abha, Al-Baha, Bisha,
Gizan, and Khamis Mushait, respectively. For a runoff
coefficient of 0.5, these values were 1.2-2.0, 259.8-429.6,
191.5-315.4, 250.6-412.4, and 8.7-14.3 MCM, respectively
(Table 6). For a coefficient of 0.5, the upper bounds of the
storage capacities were 0.79, 169.8, 123.8, 161.9, and 5.6
MCM higher than the lower bounds in these areas. Note
that Method 2 showed the highest runoff, while Method 4
showed the lowest runoff. To provide adequate flood pro-
tection and maximize runoff collection, the methodologi-
cal uncertainties need to be incorporated into frequency
infrastructural designs. Furthermore, appropriate locations

Table 10 Generation of surface

G : Sub-region Cc=0.1 C=02 c=03 C=04 C=05

runoff (million cubic meters)

under various scenarios in Abha 0.25-0.4 0.5-0.8 0.74-1.2 1.0-1.6 1.2-2.0

different areas for a duration of Al-Baha 52.0-86.0 103.9-171.8 155.9-257.8 207.9-343.7 259.8-429.6

30 min with a return period of

100 years Bisha 38.3-63.1 76.6-126.1 114.9-189.2 153.2-252.3 151.5315.4
Gizan 50.1-82.5 100.2-165.0 150.4-247.5 200.5-330 250.6-412.4
Khamis Mushait 1.9-2.9 3.5-5.7 52-86 7.0-11.4 8.7-14.3
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for water infrastructures (e.g., watershed, dam) need to be
identified to minimize property damage and maximize runoff
storage.

In Saudi Arabia, occurrences of flash floods are likely.
Such events are often linked to the loss of lives and proper-
ties. Furthermore, due to inadequate infrastructure, surface
runoff is often lost. Therefore, additional flood protection
and/or runoff collection systems might be needed in Saudi
Arabia. The methodological variability might play an impor-
tant role in the selection of design criteria and constraints
for flood protection and/or runoff collection systems. With
a better understanding of the IDF relationship in a relatively
small area, flood protection and runoff collection capabilities
can be improved. As there is a serious need for collecting
runoff from rainfall events, the availability of such water
infrastructures can be of great importance. By incorporat-
ing uncertainty to account for the methodological variation,
appropriate measures can be adopted for runoft collection
and systematic recharge into groundwater aquifers. Future
studies may focus on identifying the appropriate locations
using advanced modeling tools (e.g., WMS software).

4 Conclusions

This study developed IDF curves for five areas (Abha, Al-
Baha, Bisha, Gizan, and Khamis Mushait) in the south-
western region of Saudi Arabia. Four methods of obtaining
rainfall depth-to-duration ratios were applied to predict the
rainfall depth for sub-hourly durations. The Gumbel fre-
quency factor was used to develop IDF curves with return
periods of 2, 5, 10, 25, 50, and 100 years. The four types
of IDF curves demonstrate significant variability, indicat-
ing methodological uncertainties. Furthermore, the appli-
cation of any method needs appropriate calibration for an
area. Lack of calibration may result in an erroneous IDF
relationship, which may compromise the safety of flood pro-
tection. By long-term monitoring of rainfall data and cali-
brating the models using these data, IDF relationships can
be improved in the future. The developed IDF relationships
using the Gumbel frequency factor based on the proposed
four methods were compared with the relationships devel-
oped by using the LPT III distribution and RainyDay, and
it was found that Gumbel and LPT III were similar to each
other, while RainyDay mostly underestimated the low return
period.

Based on our findings, it appears that Method 2 pro-
vides the highest values of rainfall intensities for shorter
durations, while Method 4 provides the lowest intensities.
This is because the ratios obtained based on Method 4 are
much lower than those estimated by Method 2. Further-
more, the data used in Method 2 were representative of
the historical pattern of rainfall in the southwestern region

of Saudi Arabia. From the flood protection point of view,
Method 2 might be the better method to use. However, a
better understanding of the topography, soil properties, and
rainfall events is required for planning and implementing
infrastructural projects. Gumbel and LPT III can be used to
develop IDF curves when sub-daily rainfall data are scarce,
while RainyDay can be used with caution in regions with
no rainfall data. Also, IDF curves representing smaller areas
than the entire southwestern region are needed to implement
cost-effective and protective infrastructures. Significant vari-
ability was observed among different areas. For example, if
the IDF curves for Bisha are used for Abha, the designed
infrastructure may not provide adequate protection against
flash floods and runoff storage in Abha. Conversely, if the
IDF curves for Abha are used for Bisha, the cost of infra-
structure may become unnecessarily high.
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