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Abstract: Variables needed for hydrologic design of hydraulic structures include the rainfall intensities, critical
storm duration (concentration times for determination of peak discharges) for the catchments area, and the
selected frequencies (return period). These variables together constitute the design storm. In this study, the
relationship between the rainfall amount, duration and frequency are studied for Mujib basin in Jordan.
Intensities-Duration-Frequency (IDF) equations were developed for each of the 8 rainfall recording station in
the basin. The 8 IDF equations obtammed were compared with the curves obtamned by Gumbel method and Water
Authority of Jordan (WAT); the results predicted by the writer are closer to the measured values. There are
some differences in the results between this study and the studies of other investigators, these differences are
due to: differences in the record length used by this study and WAT study; extrapolation of WAT curves to
mclude the 5 min duration and some of the relative error was due to small values of reading. Peak discharges
were calculating for different location in the basm; it was found that the peak discharge which gotten from
Manning’s equation is closed to the peak discharge that gotten from rational method at recurrence interval
equal to 25 years.
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INTRODUCTION

Hydrologic synthesis techmque 1s a powerful tool for
aiding engineers and hydrologists in evaluating surface
water resources. Since rainfall data is generally in
abundance in comparison to runoff data, the attempt has
been to convert rainfall to runoff. Jordan is a country
located in a semi-arid region; therefore, water is a valuable
resource for this country. Ramfall is one of the most
mnportant sources of water. However, its random
occurrence sometimes creates a lot of problems.
Furthermore, many regions throughout Jordan lack the
hydrologic data that required for detailed analysis of
basin responses'. These basins responses to the rainfall
events may cause considerable damage to developments
in their surroundings. Planning and protection of these
basins, requires estimates of expected discharge from
ramnfall events of different magmtudes. Traditional
estimation techmques are not feasible due to the lack of
available runoff data.

The practice regarding the hydrologic design in
Jordan has been usmng the IDF curves developed by
Ibbitt™, Ibbitt's curves were developed from the
correlation of the annual average precipitation in Jordan
with stations in California, USA. An independent study
analyzing the ranfall data for 40 major stations mn the
Kingdom was published by the WAT™, The accuracy of
the recording rainfall charts (mass curves) was limited to

20 min the results for shorter duration were estimated by
extrapolation. The curves corresponding to 2 and 5 years
return period were extended visually, which can be
considered as an insubstantial point in this technique.
Then the intensities for 10, 25, 30, and 100-year return
periods were calculated in term of the 2 and 5 years
intensities for the same duration using equations derived
from the Gumbel’s distribution method”. Hydrologic
phenomena are characterized by great variability,
randomness, and uncertainty™. Precipitation and
streamflow must be treated as random variables, with
associated measures of frequency that represent
percentage of time, or probability™®”.

Rainfall IDF relationships can be expressed m various
formats. An sohytal map prepared by the U.S. Geological
Survey for Illinois™, N'WS atlases consist of sets of maps
covering particular regions, with a map for each
combination of recurrence interval and duration. The
Texas Department of Transportation® hydraulic design
Manual, related rainfall intensity in inch per hour to
rainfall duration in minutes as a function of recurrence
interval for each of the 254 countries of the state.

In evaluation the frequency of intense rainfall,
mention must be made of some classic studies. The later
one of these is by Dillon there are deferent metheds
such as; Bilham"! method, Federick Charles Bell'?, and
NERC™ (Natural Envirenment Research Council. Chen!!
utilized a method similar to Bell method™.
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The previously developed formula was based on the
average depth-duration ratio and the mean depth-
frequency ratio. The Chen’s formula requires three-rainfall
depth (1.e., 10 year-1 b, 10 year-24 h and 100 year-1 h). The
ratio of 1 h to corresponding 24 h depth and 100 year to
corresponding 10 year depth can be computed from the
requires three rainfall depths, so that geographical
variation of ramfall can be evaluated m terms of both
ratios. This method was adopted in this research to
develop the IDF relationship for the Mujib basin in
Jordan.

Available data: In order to determine the anticipated peal
discharges for each selected catchments area; 1t was
necessary to analyze the following:

¢ Topographic maps
+  Watersheds characteristics

The followmng are the most iumportant watershed
parameters considered in this study for the purposes of
determimng the surface runoff coefficients:

» Infiltration potential

*  Vegetation cover

*  Depression storage potential
¢  Rainfall records

Frequency, duration and depth: Rainfall data is specified
by three variables: Frequency, duration and either depth
or mean intensity. The frequency of a rainfall event is
usually expressed by its return period or recurrence
interval, which may be defined as the average interval of
time within which the magnitude of the event will be
equaled or exceeded once.

Frequency analysis may be carried out with either an
annual series or partial series; annual series is an array of
values consisting of the largest event i each year, wiule
a partial (or exceedence) series is an array of all value
exceeding some arbitrary base level, regardless of the year
in which they occur. In a partial series there may be a
number of values from the same year, if they are all above
the selected base level, and there may be no values at all
from other years when the base level 1s not reach.

The magnitudes of rainfall events are given by total
depth occurring in a particular duration. In some past
analysis the mean intensity (depth divided by duration)
has been used instead of total depth but tlus has
sometimes given the misleading impression that rainfall
mtensities are approximately constant throughout the
specified duration. In reality the intensity is highly
variable and rarely remains constant for more than a
few minutes.

Duration: The duration of a design storm must be at least
equal to the time of concentration that is defined as the
time for a water particle to travel from the most remote
position of the watercourse n the catchment area to the
control section under investigation.

For small plots having no defined flow channels from
which runoff oceurs as laminar over land flow, Chow!'
suggested the following formula for evaluation the time of
concentration in hours:

0.885L )
K [HJ m h (1
Where,

L = The distance from the far most pomt to the outlet
at hydraulic structure in km

H= Total fall in level from the far most point to the
outlet in meter

Typically, the concentration times required may vary
from a minute to 5 min in urban areas, and to 24 h or more
for larger catchments.

Frequency: Establishment of the appropriate frequency
for a particular project is a policy decision, reflecting such
factor as the risks involved and the project economics, for
urban drainage works, the recurrence mtervals usually
vary from 2 to 20 years, with the higher values
corresponding to higher value districts, for highway
drainage worls the typical retumn period range from 10 to
50 year.

Detention reservoir and dams are usually designed
for 100 year period. Thus the rainfall intensities for
duration from 5 min to 24 h and return period of 2 to 100
years are usually needed for the design of various
hydraulic structures.
Present approach: Chen™? used the following empirical
rainfall mtensity duration formula n the analysis

(t+b) 2)
in which,

r=Average rainfall intensity in inch per hour
t=Time duration of rainfall in min
a, b and ¢ = Storm parameters

The value of a, b and ¢ may vary with meteorological
localities, the intensity can be altemnatively expressed in
terms of the depth by multiplying the right hand side by
t/60 The corresponding rainfall depth duration formula
thus becomes,
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at

e 60(t+bY 3)

The standard intensity-duration relationship that
seems independent of frequency may be written as:

T

LR
r (b “
in which,
1, = T-year, t- h(or min), average rainfall intensity
inch per hour
' = T-year, 1h, average rainfall intensity inch per
hour
where,

a,, bl and ¢, = standard storm parameters can be
rearrange in the form

T
T__ Af

Y ) (%)

Because the above Eq. 2 and 5 are identical,
comparing the parameters of both equations yields:

a=ar’
b=b,
c=g

Belll' proposed the following empirical formula for
depth frequency ratio of any return period between 2 and
100 year,

R T
—=0.21InT+0.52 (6)

o
1

The above empirical formula can be written as:

R/
—=alnT+y (7
1
i1 which,
¢, v= Unknown parameter yet to be determined from
rainfall data.
T = Return period m year

The rainfall depths for two return periods can be
arbitrarily selected for this purpose. The choice of 10 year
and 100 year storms for the same duration and
substitution of the corresponding values of R and T
vields,

R”=aloglo+B=a+p (8

R™ = alogl00 + p= 2+ B ©)

From which one readily finds that

a=R"-R" _R;{RR‘T; —1J_R;°(X—1) (10)
in which,
- f%; (1)
B=2R"-R™= £<;° (2-X) (12)
Therefore,
R =R”(X-1)logT+R,’(2-X) (13)

After some mathematical mampulation one can get:

R’ 14
b 2-X -1
i = loglo”* T (14)
In order to incorporate the above equations; the
intensity frequency formula for 1 h duration needs to be

specified and fort=1 his:

T

L _ _ .

— - =logl0**T* (15)
II 100

In which X 18 now defined as:

Combining Eq. 4 and 15,

10
1

T a '’ logl0** T (16)
' (t+b)

Ths 15 the general expression of the rainfall Intensity-
Duration-Frequency (IDF) relation.

Analysis procedures: For location with complete rainfall
records, the traditional analysis consisted of abstracting
the maximum intensities of specified duration from storm
mass curve. Table 1 1s an example for maximum rainfall
depth for Dhiban ramnfall station m the Mujib Basin.
Anmual maxamum series 1s formed for two duratiens 1.e., 1
and 24 h.

Major disadvantages of this procedure are: Dealing
with a large mumber of autographic charts for each ranfall
station in the basin, which is a tedious work, and rainfall
data for each year of record must be completed.

The 10 year/1 h, 10 year/24 h and 100 year/1 h rainfall
depths are required to apply Chen’s formula. These
depths can be obtained directly from frequency analysis
by applying Gumbel’s distribution method.
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Table 1:  Annual maximum rainfall depths (mm) for specified duration for
Dhiban station

Rainfall duration (min)

Year 20 30 60 120 180 360 1440
1968/1969 No record
1969/1970 6.8 8.3 8.6 10.2 126 146 24.5
1970/1971 No record
1971/1972 No record

1972/1973 33 38 4.3 5.2 7.0 9.1 24.0
1973/1974 6.7 86 118 21.3 253 310 69.7
1974/1975 6.0 6.8 9.4 12.0 172 264 48.5
1975/1976 4.2 5.6 9.0 11.9 133 164 21.4
1976/1977 6.6 7.0 7.4 11.4 154 200 28.5
1977/1978 8.6 88 108 17.2 226 316 53.5
1978/1979 5.6 8.0 9.8 16.3 205 259 55.0
1979/1980 5.8 7.0 118 208 30,0 43.0 4.2
1980/1981 5.4 6.4 94 154 224 308 71.2
1981/1982 5.8 7.4 120 17.0 208 224 314
1982/1983 6.0 7.4 11.0 18.6 202 230 36.8
19831984 5.6 6.6 9.8 13.0 154 184 25.5
1984/1985 6.0 8.4 92 16.0 21.6  33.0 46.8
1985/1986 3.6 38 4.2 6.0 6.4 8.0 13.6
1986/1987 5.4 94 11.0 11.4 11.6 120 24.8
1987/1988 4.0 4.8 5.4 7.2 7.6 84 8.4
1988/1989 3.0 4.0 4.8 6.6 7.4 82 8.2
1989/1990 5.4 6.0 6.0 6.0 6.0 6.4 6.4
1990/1991 5.2 5.2 52 5.2 5.2 52 5.6

1991/1992 3.6 T2 T2 T2 T2 7.2
1992/1993 No record
1993/1994 No record

1994/1995 104 104 104 104 104 104 104
1995/1996 4.6 4.6 4.6 4.6 4.8 4.8 4.8
1996/1997 3.6 3.6 3.6 3.6 3.6 3.6 3.6
1997/1998 3.6 3.6 3.6 3.6 3.6 3.6 6.6

The stepwise procedure to determine the rainfall
depth magnitude of the desired return period by applying
Gumbel’s method 1s given below:

¢ List the annual maximum intensities for the required
durationof 1 hand 24 h
e ComputeY and S as follows:

= Y
Y=>— 17
Z3 (17)
(Y ?)2 1/2
T (18)
Where, N 1s the sample size.

¢ The maximum rainfall amounts for duration and
frequency were obtained by applying the following
equation:

Y_{an_l(Y)J(YNYT) (19)

where:
Y = maximum rainfall amounts.
Y = Arithmetic means for maximum rainfall
8,1 (Y) = Standard deviation

Sy = Reduced standard deviation (Table 2)
Y= Reduced mean (Table 3)
Y= Logarithmic constant (Table 4)

Y. =-Iln {ln lj
P

where, P 1s the probability
»  Compute the desired rainfall depths R,'", R ,,'® and
R '™ for each rainfall station by equation:

Y=Y +KS (20)

After the 10-year 1-h(R,'™), 10 yvear 24 h (R,,'") and
100 year 1 h (R,'™) rainfall values are gotten, then Chen’s
formula 1s applied, in which R 1s the Y value obtamed from
Eq. 20.

One can find standard storm parameter (a,, b (=b,) and
¢ (=¢,) from Chen'".

Then substituting the values of a; R,"” and X in the
equation:

a=aR "log (1 T )

(21)
Consequently from Eq. 16 we get:
RT = aR"logl0™*T*  a
t c - c (22)
(t+b) (t+1)

This is the general rainfall TIntensity-Duration-
Frequency (IDF) formula.

Peak discharge analysis: The rational method is well
suited for small homogenous catchments area and
therefore is wsed in this study for the purpose of
calculating the peak discharges contributing to the
various location n the basin; these results were compared
with the peak discharges that gotten by using Manning
equation.

The peak discharges were estimated from the analysis
the following parameters:

Catchment areas: The catchment areas boundaries were
defined on the 1:25000 topographic maps. The actual
areas were determined by planimeter reading.

Runoff coefficients: The runoff coefficient (C) required for
the rational method was determined by the catchments
characteristics. From observation during many site visits
the following individual runoff coefficient were selected
from Table 5.

Soil infiltration = 0.050, Vegetal cover = 0.20
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Table 2: Reduced standard deviation Sy ()

N 0 1 2 3 4 5 6 7 8 2
10 0.9496 0.9676 0.9833 0.9971 1.0095 1.0206 1.0316 1.0411 1.0493 1.0565
20 1.0628 1.0696 1.0754 1.0811 1.0864 1.0915 1.0961 1.1004 1.1047 1.1086
30 1.1124 1.1159 1.1193 1.1226 1.1255 1.1285 1.1313 1.1339 1.1363 1.1388
40 1.1413 1.1436 1.1458 1.1480 1.1499 1.1512 1.1538 1.1557 1.1574 1.1590
50 1.1607 1.1623 1.1638 1.1658 1.1667 1.1681 1.1696 1.1708 1.1721 1.1734
60 1.1747 1.1758 1.1770 1.1782 1.1793 1.1803 1.1814 1.1824 1.1834 1.1844
70 1.1854 1.1863 1.1873 1.1881 1.1890 1.1898 1.1906 1.1915 1.1923 1.1930
80 1.1938 1.1945 1.1953 1.1959 1.1967 1.1973 1.1980 1.1987 1.1994 1.2001
90 1.2007 1.2013 1.2020 1.2026 1.2032 1.2038 1.2044 1.2049 1.2055 1.2060
100 1.2065

Table 3: Reduced mean Y,™

N 0 1 2 3 4 ] 6 7 8 9
10 0.4952 0.4996 0.5035 0.5070 0.5100 0.5128 0.5157 0.5181 0.5202 0.5220
20 0.5236 0.5252 0.5268 (.5283 0.5296 0.5309 0.5320 0.5332 0.5343 (.5353
30 0.5362 0.5371 0.5380 0.5388 0.5396 0.5402 0.5410 0.5418 0.5424 0.5430
40 0.5436 0.5442 0.5448 0.5453 0.5458 0.5463 0.5468 0.5473 0.5477 0.5481
50 0.5485 0.5489 0.5493 0.5497 0.5501 0.5504 0.5508 0.5511 0.5515 0.5518
60 0.5521 0.5524 0.5527 0.5530 0.5533 0.5535 0.5538 0.5540 0.5543 0.5545
70 0.5548 0.5550 0.5552 0.5555 0.5557 0.5559 0.5561 0.5563 0.5565 0.5567
80 0.5569 0.5570 0.5572 0.5574 0.5576 0.5578 0.5580 0.5581 0.5583 (.5585
90 0.5586 0.5587 0.5589 0.5591 0.5592 0.5593 0.5595 0.5596 0.5598 0.5599
100 0.5600

Table 4: Probability P and Logarithmic constant for standard retum period T

Standard return period T(yr) Probability Logarithmic constant Yy
2 0.50 0.366512921

5 0.80 1.499939987

10 0.90 2.250367327

25 0.96 3.198534261

50 0.98 3.901938658
100 0.99 4.600149227
200 0.995 5.295812143

250 0.996 5.519457577
500 0.998 6.213607264
1000 0.999 6.907255071
2000 0.9995 7.600652407
Table 5: Typical runoff coefficient CI9

Watershed Characteristics

A B c D

Relief Roil Infiltration Vegetal Cover Surface Storage

0.40 0.20 0.20 0.20

Steep rugged terrain;

Average slopes greater than 30%

No effective soil cover; either rock
Or thin soil mantle: negligible
Infiltration capacity

No effective soil cover; bare or
VEIy sparse cover

MNegligible: surface depression few
and shallow; drainage ways steep
and small, no pond or marshes

0.30
Hilly with average slopes of
10to 30%

0.15

Slow to take up water ,clay or other
Roil of low Infiltration capacity
Such as heavy gumbo

0.15

Poor to fair; clean cultivated crops
Or poor natural cover; less than
10%0f area under good cover

015
Low; well define system of small
drainage ways, no pond or marshes

0.20
Rolling with average slopes of
5to 10%

0.10
Normal deep loam

0.10

Fair to good; about 50%0f area in
good grass land, woodland or
equivalent cover

0.10

Normal; considerable surface
depression

storage typical of praire lands: ponds
and marshes less than 20%60f area

0.10
Relatively flat and average slopes
0to 5%

0.05
High, deep sand or other soil that
takes up water readily and rapidly

0.05

Good to excellent; about 50%0f area
in good grass land; woodland or
equivalent cover

0.05

High surface depression storage
high; drainage system nat sharpty
defined, large flood plain storage;
large number of ponds and marshes
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Table 6: Rainfall depths for each station in the Mujib basin, for different
durations and retumn period.

Rainfall station R R, X=R;!"
Dhiban 12.607 64.723 18.789
Mazar 15.034 102416 23.647
Dab'a 13.477 48313 22.859
Swaga 9.535 31.93¢6 13.999
Zeituna 13.362 69.942 20,304
Qatrana 9.237 25.645 15.224
Wala 14.339 37.400 24.008
Mujib 13.114 35134 22,162
Table 7: Parameter for each rainfall station in the Mujib basin

Rainfall station R;!¥R ./° X=R,//R,0 a b c
Dhiban 0.195 1.490 8.6 08 0.49
Mazar 0.147 1.573 6 0.1 042
Dab'a 0.279 1.696 12.8 33 0.61
Swaqa 0.209 1.468 14.2 4.1 0.63
Zeituna 0.191 1.520 8 0.75 0.49
Qatrana 0.360 1.648 18.2 4] 0.7
Wala 0.383 1.674 21 6.7 0.73
Mujib 0.373 1.690 20 6.5 0.72

Surface storage=0.050, Relief=0.10
C= Soil infiltration +Vegetal cover +Surface storage+
Relief=0.40

Time of concentration: The Kirpich formula was utilized
to estimate the time of concentration,

L1155
t =
©513AH™

Where:

L =The distance from the far pomt to the outlet at
hydraulic structure in m

AH = Total fall m m

t, = Time of concentration in min

RESULTS

The rainfall depths required to apply Chen’s formula
can be obtained from the frequency distributions for 1 and
24 h rainfall depths. The 10 vear, 24 h and 100 year 1 h
rainfall depths for each station are shown in Table 6.

When the three rainfall depths are known for each
stationy the Parameters a, b and ¢ can be obtained from
Chen™. For every station in the Mujib basin, the
corresponding standard storm parameters are shown
in Table 7.

After the corresponding standard parameters are
known, then the comesponding ramfall Duration-
Intensity-Frequency (IDF) equations were presented as
shown in Table 8. Peak discharges are found by applying
rational method for six locations m the basm for return
period 2, 5,10, 25, 50, 100 years. The results are compared
with those gotten by applying Manning equation for
those locations after surveying the cross sections and
bed slopes, these results are shown in Appendix A.

Table 8: IDF equation for each rainfall in the Mujib basin
Rainfall station IDF Equations

Dhiban
v _| 108.420l0g10" T
' (t+08)"
" o7 _[ 90.20210g10" T*
azar S
(t+0.10)"
o1 | 172.50210g10 T
Dab'a t (t+3.3)ﬂﬁ1
[ [ 135.39210g10"" 77"
Swaqa ‘ (t+4.1)"
106.89710g10"* T
Zeituna (t+0.75)
168. 113log10°”2 T
Qatrana t+ 6
301.12010g 107 7%
Wala (t+6.7)"
o[ 262 22710g10“1” T
Muib ! ( 072

CONCLUSIONS

IDF equations for each of the 8 ramfall stations
in the Mujib basin were obtained for duration varying
from 5 to 1440 min and return period from 2 to 100 years.
Water authority’s curves were compared with the
corresponding equations obtained in this study for
stations of (Dhiban, Mazar, Swaqga, Zeituna, Dab’a,
Qatrana, Wala and Muyjib rainfall station). Percent
deviations were calculated by dividing the absolute
differences between Gumbel values and values obtained
in this study for the same duration and return period.
The results predicted by the writer are closer to the
measured values than those predicted by WAJ and by
Gumbel method.

It may be conclude that the differences observed
between the results of this study and the results of
Gumbel’s method may be considered accepted and in
good agreement; but there are a big differences between
the results of this study and the study dene by WAT™,
This can be attributed to the record lengths used by this
study and WAT study.
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Appendix A

Table Al: The hydrological parameters that are necessary to analyvse runoff discharges

Location Rainfall station L (m) A H(m) tc (min) Catchment Area (km*)
1 Qatrana 1575 111 15.68 1.15

2 Swaqa 5250 35 9822 9.5

3 Swaqa 1235 72 13.99 1.275

4 Dab'a 3555 47 55.89 38

5 Dhiban 1650 50 2249 1.55

6 Dhiban 3335 105 3810 4.2

Table A2: The rainfall intensities for return period 2, 5,10,25,50,100 years for 6 locations in the Mujib basin

Return period Location
1 2 3 4 5 6

(vears) i (mmy/'h) i (mmy/'h) i (mm/h) i (mm/h) i (mm/h) i (mm/h)
2 10.68 4.93 14.70 7.35 15.22 11.84
5 15.71 6.30 18.77 11.31 19.74 15.35
10 19.52 7.33 21.85 14.31 23.16 18.01
25 24.55 870 25.92 18.28 27.68 21.53
50 28.36 9.73 29.00 21.28 31.10 24.19
100 32.16 10.77 32.08 24.27 34.52 26.85

Table A3: The minoff discharges for retum period 2, 5,10,25,50,100 years for 6 locations in the Mujib basin
Return period Q (m'/5)

(vear) Runoft coefficient. Location 1 Location2 Location 3 Location 4 Location 5 Location 6
2 0.40 1.365 5.213 2.085 3.106 2.623 5.529
5 0.40 2.009 6.656 2.662 4.781 3.403 7171
10 0.40 2.496 7.747 3.098 6.048 3.992 8.413
25 0.40 3.139 9.190 3.675 7.723 4.771 10.055
50 0.40 3.626 10.281 4.111 8.990 5.361 11.298
100 0.40 4.113 11.373 4.548 10.257 5.950 12.540

Table A4: The hydrological parameters that are necessary to calculate runoff discharges by using Manning equation

Location slope n A(m®) P(m) R(m) Q(m?/s)
1 0.011 0.035 2.075 6.19 0.335 3.002
2 0.0028 0.035 6.755 7.13 0.948 9,852
3 0.013 0.035 2.035 6.24 0.326 3.140
4 0.0052 0.035 5.009 7.82 0.641 T.669
5 0.003 0.035 3.726 5.27 0.707 4.626
6 0.0022 0.035 6.997 7.23 0.968 10.535
Tt is noted that the relative error for 5 min duration for REFERENCES
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