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Abstract

Rainfall is one of the key inputs for surface water resources and groundwater recharges. This rainfall is recorded in depth format
(mm or in) using a rain gauge in the gauging station. Some models need this rainfall record in intensity format (example, mm/hr
or in/hr). In addition, design discharge, especially flood-related structures, requires extreme rainfall intensity values. In Ethiopia
availability of on hand rainfall intensity data in shortest duration is in scarce and the same for the selected area called Wolkite.
Therefore, this study aims in developing Intensity Duration Frequency curve through probability distribution methods using
disaggregated data that fits the study area. For this purpose, six distribution methods, namely, general extreme value I, Gumbel,
normal, log-normal, Pearson, and log-Pearson were examined based on different comparison criteria. Normal distribution
method found to be the best method that fits the data applied and Intensity duration curve was developed using this method.
Finally, the developed Intensity Duration Frequency curve was calibrated and evaluated with Non-Probability Intensity Duration
Frequency Models and results a Performance indicator value of Coefficient of determination (R?), Nash-Sutcliffe efficiency
(NSE) and Percent bias (PBIAS) of 0.96, 0.964, and -6.35% which are in acceptable ranges. Therefore, the derived Intensity
Duration Frequency values were possible to apply in developments of any urban and water related structure for required duration
specifically in Wolkite town. Also, the research is applied as a guideline in areas where availability of rainfall intensities of
shortest duration is in scarce.
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1. Introduction

Precipitation is any kind of moisture that falls to the earth related structures, it is essential to know the expected rainfall
from the sky. The main cause of this precipitation in storm intensity for a specific time of a defined recurrence interval.
generated runoff is rainfall [1]. When developing water Building hydraulic structures requires an understanding of
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both the build hydrograph (DH) and peak discharge (Qp),
according to [2]. Also [3] states that hydraulic structures use
channels to channel flows, dikes to limit overflow, or tem-
porary storage of flows before surface discharge or soil
infiltration to control rainwater runoff. In both cases, the
structural design is based on the definition of a storm design.
Changes in the hydrologic cycle caused by an increase in
greenhouse gases result in variations in the frequency, in-
tensity, and duration of precipitation episodes. Measuring
potential climate change impacts and adapting for them is
one way to reduce urban vulnerability [4]. In certain
catchments, the hydraulic and structural design of control
structures has failed for many years due to a lack of reliable
hydrologic and geodetic analysis of rainfall and discharge
data. Using a limited amount of quantitative data and a
conceptual understanding of how the mechanisms involved
in the movement of water through the hydrologic cycle
function, hydrologists frequently have to estimate the
amount of water existing at various locations [2]. Climate
change in Asia’s megacities is predicted to increase the
frequency and amplitude of hydrological disasters in the
years to come [5].

The IDF relationship establishes a mathematical relation-
ship between rainfall intensity, duration, and return period
[1-3, 6-8]. It is among the most widely used instruments for
creating rain intensity formulas for the design of urban
stormwater drainage systems [9]. Water resources engineering
and management heavily rely on rainfall intensi-
ty-duration-frequency (IDF) curves [10, 11]. It can be used for
a variety of purposes, including as evaluating rainfall events,
categorizing climate regimes, generating design storms, and
supporting the development of urban drainage systems [11].
To determine storm runoff, which is crucial for designing the
capacity of drainage systems, culverts, bridges, and related
hydraulic structures, modern integrated urban planning and
development practices frequently incorporate time of con-
centration and rainfall-intensity-duration (IDF) [6].

Intensity Duration Frequency is a crucial method for re-
searching how drainage systems work. Consequently, the
need to better understand the effects of climate change drives
the need to update IDF curves. Hydrologic, hydraulic and
water resource systems are mostly designed, planned and
operated using them [7, 8]. Precipitation Intensity Duration
Frequency (IDF) curves are a probabilistic tool that has been
helpful in managing water resources. Specially, IDF curves
for precipitation allow for the resolution of inquiries on the
extreme nature of precipitation [12]. According to [6], sev-
eral project works in Ethiopia were damaged as a result of
poor precipitation data collecting and ignorance of the IDF
curve when conducting engineering design water resource
projects. Hydrologists have a professional obligation to use
the IDF curve for various engineering projects pertaining to
water resources.
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2. Methodology

2.1. Methods

Estimating the design discharge is a fundamental step in the
design and study of roadway drainage structures. There was a
lack of measured flow data in many urban areas, particularly
in Ethiopia, to estimate this design discharge. Rainfall is
therefore a crucial metric to evaluate this design discharge.
Rainfall data from Ethiopia's National Meteorological
Agency (NMA) was used for this particular study. Rainfall
data gathered from the Wolkite station was used for this.

Table 1. Description of the station.

Station . Number of Recording
Location q

name data year period

. Starting Year =

Northing = 8.2808 1985

Wolkite 35

. End Year =

Easting = 38.7744 2020

The input data can be shown as a nonparametric frequency
plot or as a chronology plot to properly display or illustrate its
properties. Plotting magnitude against probability is known as
a frequency plot or probability plot. A plotting position for-
mula is typically used to compute the probability assigned to
each data point. One way to generate an empirical frequency
is to plot positions. Based on the data point's rank within a
sample of a specified size, the formula calculates the ex-
ceedance probability of the data point. Due to sampling error
brought on by tiny sample sizes, the plotting positions usually
contain a great deal of ambiguity.

Chronology plot of the data
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Figure 1. Different year maximum precipitation data distribution in
chronology plot.

The data on annual maxima are plotted using a rank-order
approach. In order to do this, the data must be arranged from
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largest to smallest event, with the largest event being assigned
a rank of 1 and the smallest event a rank of n. The rank (i) of
each event is then used to determine the probability plotting
position. Numerous formulas for graphing positions are vari-
ations of the general formula [13, 14]:

_ i-a
' n+l-2a
Where P; is the exceedance probability for an event of rank
I, a is a constant more than or equal to 0 and less than 1, n is
the sample size, and i is the event's rank. The calculated plot-
ting positions' fit to a given theoretical probability distribution
is determined by the value of a.

Frequency plot of the data
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Figure 2. Different year maximum precipitation data distribution in
frequency plot.

Plotting positions Weibull (o = 0.0), Median (o = 0.03175),
Blom (o = 0.375), Cunnane (o = 0.40), Gringorten (o = 0.44),
and Hazen (a = 0.50) all have distinct values for the plotting
position parameter o [14]. Because it is unbiased for all dis-
tributions, the Weibull plotting position parameter (o = 0.0)
was used for this particular investigation and is advised as the
default option.

After understanding the raw data characteristics, the next
step was determining quality of the data through data quality
test. Because hydrological data can have errors because of
recording devices or observers. Direct data analysis might
lead to expensive costs since it overestimates the design dis-
charge or deteriorates any hydraulic infrastructure. For this
reason, an outlier test and a standard error test were performed
on the chosen station attributes of the data. According to [15,
16] the data’s were considered as adequate if the relative
standard errors in the data should be less than ten percent
(10%). The formula to estimate the relative standard error is:

Relative standard error, &, = Sf

_ Sn—
Se= N
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5= Ip
p N

From daily data available, peak annual rainfall was selected
and have the following statistical parameters.

Table 2. Statistical parameters of the data.

Pa- Number of  Summa- Aver- Standard de-
rame- . — L.
ter samples, N tion, ), p age, p viation, &8,
Value 35 1633.8 46.68 18.7

Additionally, some data may fall above or below the
threshold because of observer, instrument, or other deteriora-
tion that taints the meteorological record. By doing an outlier
test on the data, such data were controlled and modified. Data
points that drastically deviate from the overall trend are
known as outliers. The size of statistical parameters calculated
from the data is greatly impacted by the retention or depletion
of these outliers [16]. Depending on the skewness coefficient,
the test was run on logarithmic modified data.

Table 3. Outlier test skewness coefficient range.

Skewness coeffi-

. >+0.4 <-0.4 Between + 4
cient
High L Both high 1
Test for igher ower ot. igh and low
outliers outlier outliers

Source: [17].

The following equations can be used to detect higher and
lower outliers:

yn =y *+kiSy
yL =¥ - kaSy

Where: yy and y are high and low outlier threshold in log
units respectively

ks, = coefficient depends on sample size (for N = 35; k, =
2.628) [17]

y = mean of the data in log unit

Sy = standard deviation in log unit
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Table 4. Statistical parameters and analysis of log transformed data.

Parame- Summa- Standard devia- Skew-
. Mean .

ter tion tion ness

Value 56.9566 1.627  0.2094 -1.1394

2.2. Rainfall Data Disaggregation

Given that floods in urban areas typically occur for brief
periods of time, drainage systems there were built to with-
stand shorter rainfall durations. There are few short-term data
sources or records available in Ethiopia, and these meteoro-
logical data were typically recorded on a daily basis. There-
fore, it is vital to identify storm episodes with shorter dura-
tions before moving straight into hydrological analysis. The
following algorithm is suggested by [18] to break down daily

rainfall data into shorter time periods:

_ b2,
R, 4(b+D)"

Where R; = Rainfall of required duration

Ro4 = Rainfall of 24hr (daily rainfall)

t = Rainfall required duration

b = Coefficients (0.3)

n = Coefficients (0.78 — 1.09)

The results of the daily data were determined to be identical
to the disaggregated daily data using n = Coefficients (1.008).

The daily (24-hour) recorded data was divided into shorter
durations of 5 minutes, 15 minutes, 30 minutes, 1 hour, 2
hours, 4 hours, 8 hours, 12 hours, 16 hours, 20 hours, and 24
hours using the method given. The statistical parameters for
the original and logarithmic change were:

Table 5. Statistical parameters for disaggregated data for each duration.

Duration (min or

Smin 15min  30min 1hr
hr)
Mean 10.62 22.14 30.36 37.22
Standard deviation 4.25 8.87 12.16 14.91
Skewness 0.20 0.20 0.20 0.20

Table 6. Statistical parameters for logarithmic disaggregated data for each duration.

Duration (min or hr) Smin 15min 30min 1hr
Mean 0.98 1.30 1.44 1.53
Standard deviation 0.21 0.21 0.21 0.21
Skewness -1.14 -1.14 -1.14 -1.14

2.3. Intensity Duration Frequency (IDF) Curve
Development and Distribution Method
Selection

Using probability distribution functions, an Intensity Du-
ration (IDF) curve was constructed for the disaggregated
precipitation data. To determine the magnitude of maximum
rainfall intensities, the most widely used probability distribu-
tion function (PDF) is the Gumbel, Normal, Log-Normal,
Pearson type-3, Log-Pearson type-3, and General Extreme
value Type-1 (General EVT-1). Equation used to determine
the approximate size of an occurrence, such as the intensity of
rainfall by [17] as:

2hr 4hr 8hr 12hr 16hr 20hr 24hr
41.88 44.58 45.95 46.36 46.54 46.63 46.68
16.78 17.86 18.41 18.57 18.65 18.68 18.70
0.20 0.20 0.20 0.20 0.20 0.20 0.20
2hr 4hr 8hr 12hr 16hr 20hr 24hr
1.58 1.61 1.62 1.62 1.63 1.63 1.63
0.21 0.21 0.21 0.21 0.21 0.21 0.21
-1.14 -1.14 -1.14 -1.14 -1.14 -1.14 -1.14
Xr=X +Kr 6,4
X
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Where: X = Mean of the sample data = "

— X2
6,—1 = standard deviation of sample size N = ’Z()vaTX)

K = a frequency factor which is a function of return period
T and coefficient of skew Cs

In the event that the variable analyzed is y = log X, then the
same method is applied to the statistics for logarithms of the
data by using:

yr=y +Kr 6,4
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To calculate the rainfall intensities, the frequency factor,
mean, and standard deviation for each probability distribution
function (PDF) were calculated (Table 5 and Table 6) and
entered into the equation. To fit multiple distributions to the
given input data, the maximum likelihood estimation (MLE)
method is employed, in accordance with the [14] recom-
mendations. Comparing each distribution's Akaike (AIC),
Bayesian information criteria (BIC), or Root Mean Square
Error (RMSE) can help in model selection. A smaller value
denotes a better fit between the distribution and the input data,
according to these metrics.

2.4. Calibration and Evaluation of Selected
Method with Non-Probability 1df Models

Non-probability IDF models were used to calibrate and
assess the IDF value produced by employing a single proba-
bility frequency distribution technique that fits the study area
station data. The following formulas are used to calculate the
rainfall intensities for various return times and durations,
according Nwaogazie & Sam (2019):

. cT™
Sherman equation, I = —

c

Talbot equation, I = o

Power equation, I = ct?®

Where: I= rainfall intensity (mm/hr)
t = Duration (minutes)
T = Return period (years)

¢, m, a, and b are regional constants

The Intensity Duration Frequency (IDF) equations were
calibrated by the use of non-linear regression analysis. This
approach necessitates the use of Excel Solver, a Microsoft
Excel optimization methodology for estimating the Intensity
Duration Frequency (IDF) models' parameters. This step
requires entering the calculated values from the probability
distribution function (PDF) into the spreadsheet as an ob-
served intensity along with its duration and return time. For
the assumed values of the IDF equation parameters, intensi-
ties associated with the IDF equation for each return period
and duration were computed. [19] recommends Generalized
Reduced Gradient (GRG) solver in the equation was used to
minimize the sum of squares of the deviation/error between
the observed intensity and the anticipated intensity in order to
determine the values of the optimal IDF parameters. As a
result, the objective function is as follows:

Min SSE = Y1 (Iops — Ipred)2

The Sherman quotient-power equation was used to derive
IDF models from the Intensity Duration Frequency (IDF)
equation. Through an iterative method that yields least square
error, the equation is solved to yield an optimal value for the
constants ¢, m, and a for the chosen IDF equation. The results
generated using probability distribution method and
non-probability IDF models was checked using performance
evaluation criteria or performance indicators based on [20].
[20] recommend acceptable values for coefficient of deter-
mination (r?) > 0.60, the Nash—Sutcliffe efficiency (NSE) >
50 and percent bias (PBIAS) <+15.

Table 1. Equations, ranges, optimal values of statistical performance measures.

Performance indicator Equation

Coefficient of determination (r?)

2i1(0i-0)(Pi-P)

JEi(000)" o))

The Nash—Sutcliffe efficiency (NSE) — ZzalocP
| —_2

Y Z?=1(Oi_0)
Percent bias (PBIAS) %XIOO

Source: [20].

3. Results and Discussion

The data's relative standard error value, as determined by
the data quality test, is 6.77%, falling within the allowed limit
of 10%. Additionally, because the skewness coefficient was

Range Optimal value
2

0.0to 1.0 1

-0 to 1.0 1

-00 t0 00 0

-1.134, which is less than -0.4, the statistical parameter
skewness of the data instructs to compute the outlier test at a
lower threshold. According to the test, the lower threshold
value was 11.94 mm, which is higher than the 9.5 mm value of
the raw data that was obtained.
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Outlier test
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Figure 3. Outlier test graph.
The red dotted line on the graph above the data below in-  was created for several distribution techniques based on the
dicates data that is outside the lower threshold and is elimi-  decomposed data. The frequency and cumulative distribution

nated for additional Intensity Duration Frequency (IDF) curve plot that results from using various distribution methods looks
development analysis. An intensity duration frequency curve like this:

Frequency plot of different distributon method
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Figure 4. Different distribution method frequency plot in comparison with the station data.

Cumulative distribution plot
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Figure 5. Cumulative distribution plot of different probability distribution methods.
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Table 8. The results of different comparison criteria as stated by The AIC and BIC values of a normal distribution are

[14].

Distribution

Generalized Extreme Value

Gumbel (EVI)

Log-Normal

Log-Pearson Type 111

Normal

Pearson Type 111

Duration (min)

15
30
60
120
240
480
720
960
1200
1440

AIC

309.38
310.07
313.93
308.8

307.69
309.77

BIC

313.27
312.81
316.66
312.69
310.42
313.67

RMSE

3.29
4.01
5.33
3.38
3.36
3.23

smaller, while the RMSE value is comparatively low. Con-
sequently, this distribution was thought to be a fitting tech-
nique for the study region station data. Since, in all cases of
stated probability distribution method the formula is similar in
determining approximate values of magnitude of an event like
rainfall intensity. The only difference is the frequency factor,
and for this case (normal distribution method) the frequency
factor depends mainly on the return periods. Based on the
formula given in [17] rainfall intensity values for different
duration and return period was calculated.

Table 9. Rainfall intensity for the selected distribution method (normal distribution).

Return period

127.42
88.58
60.72
37.22
20.94
11.14
5.74
3.86
291
2.33
1.94

Rainfall intensity (mm/hr)

300
280
260
240 ©
220
200
180
160
140
120 |
100
80 |
60
40
20

—8—2yr —® Syr

170.37
118.44
81.18
49.76
28.00
14.90
7.68

3.89
3.12
2.60

15

10

192.85
134.06
91.89
56.33
31.69
16.87
8.69
5.85
4.40
3.53
2.94

25 50 100 1000
216.80 232.28 246.19 285.18
150.72 161.47 171.15 198.25
103.31 110.68 117.31 135.89
63.33 67.85 71.91 83.30
35.63 38.17 40.46 46.87
18.96 20.32 21.53 24.94
9.77 10.47 11.10 12.85
6.57 7.04 7.47 8.65
4.95 5.30 5.62 6.51
3.97 4.25 4.51 5.22
3.31 3.55 3.76 4.35

IDF curve for Normal distribution

30 60

120 240 480 720 960 1200 1440
Duration (min)

10yr —@®—25yr 50yr 100yr —®—1000yr

Figure 6. Intensity Duration Frequency curve for the selected distribution method (normal distribution).
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Using Excel Solver for the Intensity Duration Frequency
(IDF) equation (Sherman quotient-power equation), the opti-
mum values for constants ¢, m, and a become 362.55, 0.1045,
and 0.53 respectively, which yield the minimum sum square

error during calibration of the IDF generated using the Normal
probability distribution method. The matching equation is now:

: 362.55701045
Sherman equation, | = ===

Table 10. The resulting intensity value generated using excel solver using Sherman equation.

Return period
Duration (min)

2 5 10

5 166.01 182.69 196.41
15 92.70 102.02 109.68
30 64.19 70.64 75.94
60 44.44 4891 52.58
120 30.77 33.86 36.41
240 21.31 23.45 25.21
480 14.75 16.23 17.45
720 11.90 13.09 14.08
960 10.21 11.24 12.08
1200 9.07 9.99 10.74
1440 8.24 9.07 9.75

The probability distribution function and non-probability
IDF models are used to generate the performance indices
parameter of the IDF. The result becomes:

Table 11. Performance index result.

Performance index Value
R2 0.96
NSE 0.964
PBIAS -6.35%

The performance index requirements were found to be
within an acceptable range based on [20]. Consequently, the
distribution approach that best suited the research area station
data was the Normal probability distribution method.

37

£0.53
25 50 100 1000
216.14 232.37 249.83 317.78
120.70 129.76 139.51 177.45
83.57 89.85 96.60 122.87
57.86 62.21 66.88 85.07
40.06 43.07 46.31 58.90
27.74 29.82 32.06 40.78
19.21 20.65 22.20 28.24
15.49 16.65 17.90 22.77
13.30 14.30 15.37 19.55
11.81 12.70 13.66 17.37
10.73 11.53 12.40 15.77
L]
T
: =
1 : § 1 :
s
e
e —— —— ©

1 30 60 12¢ 240 180 720 960 1200 1440

Figure 7. Calibrated Intensity Duration Frequency curve for the
selected distribution method.

4. Conclusion

Finding row data is important for hydrologic analysis, but
so is the quality of the data that is accessible. Prior to further
application and modeling, any researcher must first thor-
oughly grasp the raw data and assess its quality. In particular,
shorter duration rainfall intensity is required for urban
drainage models since urban floods occur over shorter periods
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of time. This was accomplished by breaking down the 24-hour
rainfall into shorter periods using a formula developed by the
Ethiopia Road Authority (ERA). The level of intensity Time
frame After analyzing the frequency curves of several distri-
bution techniques, the normal distribution was found to best
fit the chosen station. Furthermore, there is a positive corre-
lation between the comparison result and the non-probability
IDF model. Therefore, while planning, constructing, and
implementing hydraulic structures for the designated site,
rainfall intensity values produced by the normal distribution
approach can be applied. Additionally, the outcome demon-
strates that researchers can use the distribution mechanism
that was developed to construct any hydrologic model.

Abbreviations

AACRA Addis Ababa City Road Authority
AIC Akaike Information Criteria

BIC Bayesian Information Criteria
ERA Ethiopia Road Authority

EVT Extreme Value Type

GRG Generalized Reduced Gradient
IDF Intensity Duration Curve

NMA National Meteorology Agency
NSE Nash-Sutcliffe Efficiency
PBIAS Percent Bias

PDF Probability Distribution Function
RMSE Root Mean Square Error
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