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Abstract Water resources all over the world are facing sev-
eral problems such as scarcity, pollution, climate change, and
global warming. Arid zones especially suffer from either se-
vere drought or severe floods. Scientific analysis of flood
events is difficult because of lacking flood measurement data
and rainfall-runoff models that are suited for arid regions.
Researchers in the field of hydrology are developing
rainfall-runoff models for storm runoff predictions since
1932. However, it is noticeable that most research papers,
books, and theses are considering studies in temperate re-
gions, while arid zones are lacking such studies. The main
objective of this paper is to derive a mathematical model
called Ari-Zo, using regression analysis, to predict flood
peaks, time to peak, and time of concentration from rainfall
storms in arid zones. The data used in this study relied on
storm measurements registered at Allith and Yiba basins and
their subcatchments (eight subbasins) located in the south-
western part of Saudi Arabia. The stream flow data method
has been used to derive the unit hydrograph in the Ari-Zo
model from 36 storms. The study developed several mathe-
matical relationships between the hydrological variables and

<l Mohammad Albishi
maalbeshi @kau.edu.sa

Jarbou Bahrawi
jbahrawi@kau.edu.sa

Amro Elfeki
aelfeki@kau.edu.sa

Water Research Center, King Abdulaziz University, Jeddah, Saudi
Arabia

Department of Hydrology and Water Resource Management, Faculty
of Meteorology, Environment, and Arid Land Agriculture, King
Abdulaziz University, Jeddah, Saudi Arabia

the regional topography of the basins. The mathematical equa-
tions obtained from this study are the discharge peaking factor,
time of concentration, and time to peak. The Ari-Zo model
results are compared with the results of the National
Resources Conservation Service (NRCS) method and showed
substantial differences. The peaking factors of NRCS range
between 0.0646 and 0.2582, while in Ari-Zo, it ranges be-
tween 0.0513 (low flood case) and 1.9465 (very extreme flood
case). The ratio between the time to peak and the time of
concentration in NRCS is equal to 0.667, while in Ari-Zo, it
ranges between 0.05 and 0.5 and on average, it is 0.276. The
parameters of time of concentration in Ari-Zo model are dif-
ferent from those of Kirpich equation. The study recommends
using the Ari-Zo model for arid zone hydrological studies.

Keywords Aridzones - Empirical equations - Floodanalysis -
Hydrology - Unit hydrograph

Introduction

The study of the hydrological characteristics of the basins and
developing of mathematical models for rainfall and runoff
relationships that bind it with topographic characteristics are
a very old subject. The first study of this topic was made by
Sherman in 1932 (Sherman 1932 referenced by Viessman
et al. 1977 and Viessman and Lewis 2002).

Since 1932, researchers are developing rainfall-runoff
models for storm runoff predictions. However, it is noticeable
that most researches, books, and theses are considering studies
in temperate regions, while arid zones are lacking such studies.

Although the presence of severe storms in arid zones is
rare, these storms happen a few times a year. The rare occur-
rence of the severe storms in arid zones and the lack of mea-
surements of runoff render the study of the hydrological
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characteristics in arid basins a difficult task. Recently in
November 2009 (Al-watan online news 2010) and January
2011 (Alriyadh Newspaper 2011) in Jeddah city, there were
extreme flood events that cause much damage in the city.
Also, in May 2014 (Okaz Newspaper 2014) in Makkah Al-
Mokarramah, severe flood events occurred.

Specialists and researchers in the field of water resources are
developing methods and formulas to facilitate the process of
calculating the relationship between rainfall and floods, so that
they can predict future storms. Sherman (1932) was the first to
develop method to study the concept of a unit hydrograph.
Since then, many scientists, researchers, and some government
institutions followed the same approach to find methods to
estimate the flood hydrograph form a storm rainfall. There are
four basic ways to drive the unit hydrograph, namely:

Derivation of unit hydrograph from stream flow data
Synthetic methods

Statistical distribution methods

Geomorphological instantaneous unit hydrograph.

bl el a e

In the stream flow data method, one must provide data on
the rainfall strom and resulting flood hydrograh. Using this
technique, the unit hydrograph from each flood can be derived.
If there are sufficient records of rainfall events and correspond-
ing floods, the results will be specific to that region.

Some of the synthetic methods are reviewed herein: Snydre’s
method (Snyder 1938 referenced by Viessman et al. 1977) has
developed his own synthetic unit hydrograph in 1938 and has
been used extensively by the US Corps of Engineers. In the
Snyder method, two empirically defined terms, Crand Cp and
the physiographic characteristics of the drainage basin are used to
determine a D-hour unit hydrograph. A synthetic unit hydrograph
that utilizes an instantaneous unit hydrograph (IUH) was devel-
oped in 1945 by Clark (Clark 1945 referenced by Viessman and
Lewis 2002 and Raghunath 2006). A method of generating syn-
thetic unit hydrograph for Midwestern watersheds has been de-
veloped by Gray in 1961 (Gray 1961 referenced by Viessman
etal. 1977). National Resources Conservation Service (NRCS) in
1972 (Mockus 1957 and NRCS 1972 referenced by McCuen
et al. 2002) presents a synthetic unit hydrograph procedure that
has been widely used in flood control works.

In the statistical distribution methods, a two-parameter
gamma distribution is used in the hydrologic applications. It
has a long successful history that was started by Edson in 1951
(Edson 1951 referenced by Singh et al. 2011). It should be
noted that the NRCS and Gray methods are dependent of their
theory on the shape of the curve which resembles exactly the
statistical distribution of the gamma distribution. This means
that some of the synthetic methods are based on the shape of
the statistical distributions. Bhunya et al. (2003) concluded
that the two-parameter gamma distribution worked better in
field data than the Gray, Snyder, and NRCS methods.
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Since the aforementioned methods have been developed in
temperate or humid regions, the current study is an attempt to
derive equations for the arid region environment, specifically
Saudi Arabia. Therefore, the main objective of this study is to
derive a mathematical model called Ari-Zo (Albishi 2015) to
predict flood hydrograph from rainfall storms in arid zones.
The model is derived from field rainfall and runoftf measure-
ments in some catchments in the Kingdom of Saudi Arabia.
Both stream flow data and synthetic techniques are used to
derive the equations for the Ari-Zo model.

Study area

The study area is located within the Tehama escarpment of the
Arabian Shield; it is characterized by semiannual flash floods
(Bajabaa et al. 2014). Both of Allith and Yiba basins are lo-
cated in the western part of the Kingdom of Saudi Arabia.
Allith basin is located in the Makkah Al-Mukaramah region
and it is about 200 km south of Jeddah city. It lies between 40°
10" and 40° 50" E and 20° 00’ and 21° 15" N with an area of
3079 kmz, while Yiba basin is located in the Asir region. It is
worth mentioning that the Yiba basin arises from Asir moun-
tains of the Asir region and drains its water through the main
channel towards the Makkah Al-Mukaramah region. It is
about 380 km south of Jeddah city. It lies between 41° 15
and 42° 10" E and 18° 50" and 19° 35’ N with an area of
2830 km? as shown in Fig. 1.

Geologically, Allith basin is underlain by late Proterozoic
plutonic, meta-volcanic, and metasedimentary rocks in most
of the basin with an area of 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 oce-
anic crust is probably 10-15 km onshore. Quaternary sedi-
ments of Aeolian sand, silt, and pediment deposits with an
area of about 11.9% of the total area blanket the coastal plain
with thickness that ranges from 2 to 10 m and were fringed by
coral reefs that are uplifted locally along faults parallel to the
coast (Pallister 1986; Cater and Johnson 1987).

The upstream of Allith basin is restricted between rugged
mountainous terrains which get dissected by several tribu-
taries which flow towards the main basin. The middle and
the downstream of the basin are a low relief area covered by
several types of Quaternary deposits including alluvium, sand
plains, gravel, silt, and Aeolian sand dune fields, while the
upstream has complicated relief covered by a relatively thin
alluvium layer composed of sand and gravel (Pallister 1986;
Cater and Johnson 1987).

Proterozoic age-layered and intrusive rocks, which are
composed of gabbro, tonalite, granodiorite basalt and andes-
ite, rhyolite, and green schist, surround the upper part of the
basin. These hard rocks are characterized by a weathered sur-
face covered with angular blocky fragments. Unconsolidated
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Fig. 1 Location of the study area and the relief maps of the basins in the current study
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Quaternary deposits comprise the main alluvium deposits in
the main channel and its tributaries (Pallister 1986; Cater and
Johnson 1987).

Yiba basin is located in the Hali valley quadrangle area
which is characterized by marine environment (Prinz 1984).
Yiba basin is covered by late Proterozoic rocks (91.5%) and
Quaternary rocks (8.5%). Late Proterozoic rocks comprise of
metamorphic volcanic, sedimentary, and plutonic rocks while
Quaternary rocks comprises Quaternary basaltic flows (lava)
and wadi deposits (Prinz 1983, 1984; Greenwood et al. 1986).

The geomorphology of Allith basin shows a typical basin
system flowing from the west part of the escarpment ridge of
the Arabian Shield. It starts from the eastern high mountainous
slopes of the escarpment and decreases down to the west of flat
sediments of the Tehama coastal plain close to the Red Sea. The
elevation of Allith basin ranges from 0 to 2620 m with a mean
elevation of 824 m (above mean sea level, amsl). Allith basin
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Fig. 2 Allith basin and its subbasins with the stream network
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Table 1 Some morphometric parameters for Allith basin and its
subcatchments
Parameter Allith basin and its subcatchments
J-415  J416  J417 J-418 Allith basin
Area (A) (km?) 960.09 293.62 1692.75 2726.10 3079.00
Basin perimeter 221.73 92.88 302.60 432.68 586.57
(Bp) (km)
Basin length 39.88  21.00 60.56 80.00 113.00
(Lp) (km)
Valley length 45.64 1723 73.75 15.72 60.78
(Ly) (km)
Basin slope (S) 0.0548 0.0700 0.0404 0.0317  0.0232

and its surrounding areas exhibit different geomorphologic
units as follows:

(a) The high mountainous area is composed essentially of
Proterozoic rocks with high elevation values that reach
to 2620 m (amsl), which is representing the main catch-
ment of the basin. The high mountainous area of the
study area plays an important role in the rainfall intensity.

(b) The hilly area occupies the northeastern and middle parts
of the basin. This area is composed of a hilly dissected
and weathered zone as shown in Fig. 1.

(c) The coastal plain occupies the low land area between the
mountainous area and the Red Sea. It comprises morph
tectonic depressions and the main channel of the basin.

Tihama Asir, where Yiba basin is located, is characterized
by three distinct geomorphologic features which show differ-
ent hydrological units as follows:

(a) Asir mountain range is elevated of about 2700 m above
mean sea level and extends north to south parallel to the
Red Sea. The mountains are cut by deep basins,

Table 2 Some morphometric parameters for Yiba basin and its
subcatchments
Parameter Yiba basin and its subcatchments
SA-422 SA-422 SA-422 SA-422  Yiba
basin
Area (A) 307.00 76292  611.84 233830 2830.00
(km?)
Basin Perimeter  77.76 138.16 118.01 274.77 393.97
(Bp) (km)
Basin length 18.70 26.00 34.00 56.00 99
(Lp) (km)
Valley length 5.37 2.25 18.41 64.79 132.48
(Ly) (km)
Basin slope (S)  0.1151 0.0876  0.0713  0.0458 0.0272
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Fig. 3 Yiba basin and its
subbasins with the stream
network
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meandering towards the coastal plain, which provides
communications within the mountains.

The foothill area bordering the eastern side is cov-
ered mostly by gravels and depressions filled with
alluvial deposits and has good potentiality for water
recharge. This area is gently sloping with some
vegetation. Tributaries of Yiba basin, which origi-
nate in the Asir mountains, cross the foothills to
the coastal plain as shown in Fig. 1.

(c) Coastal plain is restricted between the sabkhas along

the Red Sea coast and the foothills, where the agri-
cultural activity is taking place along the basins. This
plain is characterized by alluvial deposits (Abu-
Alainine 1979; Al-Sharif 1977). Coastal plain varies
in width from 10 to 65 km and is bounded from the
east by a massive rugged mountain of igneous and
metamorphic rocks which is elevated about 400 m
above mean sea level.

Fig. 4 A phi (®) index approach Surface runoff Hyetograh
for determining the effective 14 5 SA-423 ® index
rainfall from a rainstorm 7-Jun-1986
(example: station SA-423 with a 12 4
storm on 7 Jun 1986) \
ra
10 A
3P (mm)
2 8 A —®AT (mm)
S
4 .
2 A .
- Abstraction
0 l
16.00 17.00 18.00 19.00
Clock Time (hr)
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Fig. 5 The storm hydrograph of 250

the event on 7 June 1986 in SA-

423 subcatchment and its

corresponding unit hydrograph 200
150

100 -

Discharge (m’/s)

50 -

Figure 2 shows locations of Allith basin and its
subcatchments. Some of their morphometric parameters are tab-
ulated in Table 1. Figure 3 shows locations of Yiba basin and its
subcatchments. Some of their morphometric parameters are tab-
ulated in Table 2.

Methodology

The procedure to derive the unit hydrograph comprises the
following steps:

1. Storm selection: a measured storm hydrograph has been
selected from the recorded data. The selection is based on
the hydrograph having a single peak, the flow caused by a
connected excess rainstorm without gaps, and the rain-
storm occurring after a dry period. A storm at station

Fig. 6 Oscillating phenomenon

of the S-curve from the data and

the fitted S-curve using the math- 120
ematical model proposed by Eq. 2

100 -+

80 -

Discharge (im'/s)
(o
3
!
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—hydrograph

=#=derived unit hydrograph
from the data

Time (hr)

SA-423 which has happened in 7 Jun 1986 has been se-
lected as an example for illustration of the methodology.

Estimation of the direct runoff: a phi (@) index method is
used to determine the effective rainfall (excess rainfall). The
® index represents a constant (horizontal line) of intensity,
which divides the rainfall intensity diagram in such a manner
that the depth of rainfall above the index line is equivalent to
the surface runoff depth over the basin. The portion of the
rainfall intensity diagram below the line represents abstrac-
tions during the storm. Figure 4 shows the hyetograph of the
storm and the ® index line. The effective rainfall is
2.51 mm. The ® index is obtained by subtracting the runoff
volume obtained from a direct runoff hydrograph from the
total rainfall during a storm such that (Raghunath 2006):

drv = Y [max(0, I-D)| AtA (1)

S-Curve
SA-423
7-Jun-1986

AAAADARD

JUUUUUUI

—S-curve from data

a fitted S-curve

Time (hr)
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Fig. 7 The S-curve without
shifting and the S-curve with
different shifts (0.1, 0.3, 0.5, 1, 2,
3,and 4 h)
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where

drv  is the direct runoff volume (volume under direct runoff
hydrograph);

1 is the rainfall intensity during a period At

At is the time interval of the rainfall intensity in the data;

0] is the phi index; and

A is the drainage basin area.

3. Calculation of the unit hydrograph: the unit hydrograph is
calculated by dividing each value in the hydrograph ordinate
on the value of effective rainfall depth. Figure 5 shows the
storm hydrograph of the event on 7 June 1986 and its corre-
sponding unit hydrograph. It is noted that this unit
hydrograph is a 2-h duration.

Fig. 8 The unit hydrograph of 200 -
different durations
180
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—#=S-curve -e-S-curve
with 1-hr with 2-hr
——S-curve ——S-curve
with 3-hr with 4-hr
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4. Estimation of the S-curve: S-curve is the hydrograph

of direct runoff that would result from a continuous
succession of unit storms producing l-unit depth in
the duration of the unit hydrograph. It was created
for each storm to derive unit hydrograph of different
durations from all storms. It is noticed that high
oscillations appeared in the S-curve as shown in
Fig. 6. This is a known phenomenon in S-curve
(Hunt 1985). Hunt has proved the existence of these
oscillations, in certain cases. To overcome this prob-
lem, a representation of the S-curve by a differential
equation in a time-independent manner is proposed
by Hunt (1985). For more details regarding this is-
sue, the reader may refer to Hunt (1985). Therefore,
it is necessary to synthesize a mathematical model
to represent such an S-curve. It is assumed as an

Unit Hydrograph
with different durations
SA-423
7-Jun-1986

Time (hr)
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Fig. 9 The simulated (from S- 100
curve) and the derived (from data)

2-h unit hydrograph 20

80 -
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60 -
50 -

40

Discharge (m’/s/mm)

304

2-hrUnit Hydrograph

—simulated 2-hr UH from fitted S-curve

——derived unit hydrograph from the data

exponential equation in the form of Eq. 2 for that
purpose,

0= a(l—eﬁb’) (2)
where

QO is the discharge (m’/s);

a s a fitting parameter estimated from the variance of the
data;

e is the base of the natural logarithms;

b is another fitting parameter related to the steepness of the
curve at the origin; and

t s the time (h).

Figure 6 shows the fitting of the aforementioned equation
to the actual S-curve. After using this mathematical model, a
hydrograph of certain duration can be obtained.

Time (hr)

5. Calculation of a unit hydrograph of any specified dura-
tion: in order to derive a unit hydrograph of specific du-
ration, the S-curve has to be shifted with the required
duration. Figure 7 shows the shift of the S-curve with
durations 0.1, 0.3, 0.5, 1, 2, 3, and 4 h and the original
S-curve without shifting.

6. Estimation of the unit hydrograph of various durations:
the unit hydrograph of any duration is made by applying
the following equation (Raghunath 20006),

D(SCO_SQ)

0= t

where

3)

0 is the discharge;
D is the original duration of the unit hydrograph;
Sc,  1s the S-curve without shifting;

Fig. 10 Derivation of the unit 140 1 1-ArUnit Hydrograph
hydrograph of 1-h duration from
S-curve 120 4
100
TR E S LSS 8
=~ seesertt? v .;;;;Xxxxxxxk**xxxx”‘xxxxxxxxx’(x
X . XX
S ] X
g 80 N xX + S-curve
§b X x without shifting
= X
2 60 x S-curve
Q with 1-hr
40 - —UH
1-hr
20
0 T T ;
0 2 3 4 5 6 7
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Fig. 11 The average peaking 33 Area vs coefficient C
factor (C) in very extreme case very extreme case
and its upper limit confidence 3.0
interval compared with the
commonly used peaking factor of
the NRCS method 25
I e
2.0 — —C mean
1.5 —C
mean+STDEV
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Sc,
t

is the S-curve after shifting; and
is the desirable duration.

Figure 8 represents the unit hydrographs of different
durations.

Figure 9 shows a comparison between the unit hydrograph
of 2-h storm duration that is derived using the fitted S-curve
given in Fig. 6 and Eq. (3) and the one that is obtained from
the data. It is noticed in the figure that the unit hydrographs are
slightly different from each other due to the smoothing effect
in S-curve made by the fitting. Figure 10 shows the simulated
1-h unit hydrograph resulting from shifting the S-curve for 1 h.

After constructing the unit hydrographs from all storms and
at all stations and subcatchments, empirical equations are de-
veloped. Mathematical relationships are derived between the

785 785 785 785 322

322 322 322 322 322 322 597 597 597 597
Area (km?)

hydrological variables of the unit hydrograph and the morpho-
logical parameters, with the involvement of the time factor.

Relationships have been established between time to peak
and time of concentration, time of concentration and slope of
the basins, and peaking factors for peak flow estimation. The
established relationships are compared with those in the
NRCS method. The following sections provide detailed dis-
cussions of these formulas.

Results and discussions

Peaking factors for Ari-Zo model (C)

The famous equation of NRCS in 1972 (NRCS 1972
referenced by Viessman et al. 1977 and Viessman and Lewis

. . 35
Fig. 12 The average peaking Area vs coefficient C
factor (C) in the extreme case and extreme case e
its upper limit confidence interval 30 -
compared with the commonly —C mean
used peaking factor of the NRCS 55 —C
. meantSTDEV
method —==NRCS (C)
20 - N
Q
1.5
1.0
0.5
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Area vs coefficient C
moderate case

—c
—C mean
—C

mean+STDEV
==NRCS (C)

Fig. 13 The average peaking 07
factor (C) in the moderate case
and its upper limit confidence 0.6 -
interval compared with the
commonly used peaking factor of
the NRCS method 051
0.4
0.3
0.2 £
0.1 4
0.0 l_
AL O
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2002) to calculate the peak discharge of the unit hydrograph
(QOp) using the drainage basin area (A) and the time to peak
(Tp) is as follows:

_CA

=— 4
0r =+ 4)
where
Op is the peak discharge of the unit hydrograph (m*/s/mm);
C s the peaking factor;
A s the basin area (km?); and
Tp  is the time to peak (h).

There are several peaking factor values in the NRCS
method. Nevertheless, there is a famous value that is
commonly used in practice which is equal to 484 in
imperial units or 0.2083 in metrics units. The current

study produced four values of the peaking factor for
different flow regimes. The peaking factor is estimated
by rearranging Eq. 4 as,

_ OpTp

C
A

(5)

Given the items in the right-hand side of the equation, the
peaking factor is estimated for each rainfall event and plotted
for the area of the drainage basin. The following sections
discuss the peaking factors in details.

Very extreme case (Cyg)

In this case, the highly severe events have been used to
estimate the very extreme peaking factor, while the re-
maining values have been ignored. Figure 11 shows a

Area vs coefficient C
low case

—c
—C mean
—+C
mean + STDEV
==NRCS (C)

--C
mean - STDEV

Fig. 14 The average peaking 03

factor (C) in low case and its

upper limit confidence interval

compared with the commonly 0.2

used peaking factor of the NRCS

method
0.2 4
0.1
0.1

942
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Table 3  Comparison between NRCS method and Ari-Zo model
peaking factors

NRCS peaking factors Ari-Zo peaking Remarks
(metric units) factors (metric units)
0.0513 Low case
0.0646
0.1103 Moderate case
0.1291
0.1592
0.1721
0.1937
0.2083 Commonly used
0.2152
0.2367
0.2582
0.2994 Extreme case
1.9465 Very extreme case

plot between the drainage basin area and the peaking
factor for every event. The average of the peaking fac-
tor in the very extreme case is equal to 1.9465. It is
advised to use this value in the case of very extreme
floods (Q > 500 m®/s/mm).

Extreme case (Cg)

The second value is resulted in an extreme flood regime. In
this case, all the data have been used without omitting any
extreme values as shown in Fig. 12. The average peaking
factor is equal to 0.2994 in the extreme case. It is advised to
use this value in the case of high floods (500 m?/s/
mm > Q > 150 m*/s/mm).

Fig. 15 Relationship between the 409
time of concentration (7¢)
averaged over the storms for each 354
subcatchment and the length of
the main stream (L), divided by 3.0 -
the basin slope (S)
2.5 4
§ 20 o
S
1.5 4
1.0
0.5
0.0 1
210 215

Moderate case (Cyy)

The third value is resulted in a moderate flood regime. In this
case, the extreme values have been omitted in order to improve
the results as indicated in Fig. 13. The average peaking factor is
equal to 0.1103 in the moderate case. This value is used in the
case of medium flood regime (90 m’/s/mm < Q < 150 m*/s/mm).

Low case (Cy)

The fourth peaking factor resulted in a low flood re-
gime. In this case, the values of the peaking factor
greater than 0.1 are omitted to get a smaller peaking
factor proportional to the small floods as shown in
Fig. 14. The average of the peaking factor is equal to
0.0513 in the low case. It is advisable to use this value
when the peak discharge is less than 90 m®/s/mm.

From the above analysis, it is clear that the peaking factor
in arid regions varies significantly between the very extreme
case and the low case. It is also noticeable that it is completely
different from the NRCS method.

The coefficient C in the Eq. 4 has four values to be used in
arid zones. These values are summarized as follows:

—  1.9465 (very extreme case)
— 0.2994 (extreme case)

— 0.1103 (moderate case)

— 0.0513 (low case)

The NRCS method has nine values of the peaking factor
(NRCS 1972 referenced by Fang et al. 2005). Table 3 sum-
marizes a comparison between the Ari-Zo peaking factors
with the aforementioned cases and the corresponding NRCS
peaking factors.

Relationship between

Time of concentration and length divided by slope

*

y = 1.0009x

230 235 240 245

17/
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Topography effect on the time of concentration (7¢)

The time of concentration is the time for a drop of water to flow
from the hydraulically most remote point in the watershed to
the outlet. It is clear from the definition of the relationship
between the basin slope and time of concentration. This rela-
tionship is inversely proportional to the basin slope. Proceeding
from this concept, the scientists derived many empirical equa-
tions to calculate the time of concentration using the topograph-
ic information for each basin. It is necessary to derive an em-
pirical equation to calculate this time in arid zone basins. The
time of concentration for each storm can be estimated from the
storm center to the inflection point of the hydrograph.

Figure 15 shows a plot between the time of concentration
averaged over the storms for each subcatchment and the basin
length to the power m and the basin slope to the power z.

The empirical equation resulting from the plot is in the
form,

Lm
Tc= 5 (6)

where

is the time of concentration (h);
is the basin length (km); and

is the basin slope (m/m).
equals to 0.09

equals to 0.11

AR RN

Relationship between the time to peak (7p) and the time
of concentration (7¢)

The ratio between the time to peak and time of concen-
tration for each storm has been evaluated and plotted

@ Springer
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Storms

against each storm. Then, the average has been calcu-
lated. Figure 16 shows the relationship between the ra-
tio of the time to peak and the time of concentration.
The solid line represents the average value of this ratio
which is equal to 0.276. The upper line with the trian-
gular symbols is the average plus the standard deviation
of the ratio. The lower line with square symbols is the
average minus the standard deviation of the ratio.
The equation for the average ratio is as follows:

Tp = 0.276 Tc (7)

Table4 Summary for the comparison between of the NRCS equations
and the Ari-Zo equations

NRCS Ari-Zo
Peak discharge (Op) ca cA
Op =% Op =%
C=0.0646 C=0.1291 C=0.0513 (low)
C=0.1592 (C=0.1721 C=0.1103 (moderate)
C=0.1937 C=0.2083 C=0.2994 (extreme)
C=02152 (C=0.2367 C=1.9465
C=0.2582 (very extreme)
Time of
T 0.09
concentration Te =756 Tc= éoﬁ
Tc ;
(Te) G (metric system)
L= "900v3
__ 25400 _
(metric system)
1 \077
Te = 0.0663 (ﬁ)
(Kirpich 1940)
[Te (h) & L (km)]
Time to peak (7p) Tp=0.276T¢

__2
Tp=3Tc min. Tp/Te = 0.05

max. Tp/Tc =0.5
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where

Tp  is the time to peak (h) and
Tc is the time of concentration (h).

Due to the high variation observed in Fig. 16, the ratio
between the time to peak and time of concentration varies
between 0.05 and 0.5.

Table 4 summarizes the comparison between the NRCS
equations and the Ari-Zo equations. From this comparison, a
dramatic difference is found between the parameters in both
methods for the peaking factor, the time of concentration
equation, and the time to peak.

Conclusions

Empirical equations for flood analysis in arid zones have been
established. These equations are called the Ari-Zo model. The
equations are derived based on rainfall and runoff measure-
ments (36 storms) at some stations at catchment outlets (eight
subbasins) in the southwestern part of Saudi Arabia. The pa-
rameters estimated from this study are dramatically different
from the ones that have been estimated in temperate condi-
tions. The peaking factors of NRCS range between 0.0646
and 0.2582, while in Ari-Zo, it ranges between 0.0513 (low
flood case) and 1.9465 (very extreme flood case). The ratio
between the time to peak and the time of concentration in
NRCS is equal to 0.667, while in Ari-Zo, it ranges between
0.05 and 0.5 and on average, it is 0.276. The parameters of
time of concentration in the Ari-Zo model are different from
those of Kirpich equation. The study recommends using the
Ari-Zo model for arid zone hydrological studies. Application
of the model for simulation of some events will be considered
in future studies.
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