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Abstract: This paper aims to analyse the flood discharge based on the Synthetic Unit Hydrograph (SUH), using the Soil
Conservation Service method (SCS), the SUH of Nakayasu method, and the SUH of Gama I method.

Modelling formed the basis of the research conducted on the Bengawan Solo River, Indonesia. The embankment
construction on the Dengkeng—Pusur Section was designed as a method of flood control in 1988. The problem was that
around its location are densely populated cities, industrial areas, and agricultural areas. In order to measure the risk of
embankment failure and water structure planning in general, it is necessary to analyse the maximum flood discharge.
There are several methods for analysing maximum flood discharge, so finding a suitable method is essential due to the
lack of measuring tools to calculate flood discharge in some areas. The calculation is compared with the observation
data at the Serenan AWLR station, which is in the Dengkeng-Pusur section. The observation rainfall data was covered
a 20 year period (1999-2018). According to the method used, the analysis is based on series data on four rainfall
stations, the watershed characteristics, and other parameters. Furthermore, the maximum flood discharge from the
calculation is compared with the observational data at the Serenan station. The result shows that the best SUH is Gama
I method compared to the observation maximum flood discharge in AWLR Serenan Station, with an 8.0% error. The
other method, the SUH Nakayasu method with a 16.6% error, and the SUH SCS method with a 39.5% error.

Keywords: Bengawan Solo River, maximum flood discharge, the SUH of SCS, the SUH of Nakayasu, the SUH
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INTRODUCTION

The Bengawan Solo River is the longest river in Java (600 km) and
has an important role both socially and economically. One of the
Bengawan Solo River problems is flooding which has an impact
on the loss of life and property, especially in the downstream area.
Major flooding occurred in 2007, resulting in loss of life and
property, especially in the downstream area of Solo [LaAsmiNTO
et al. 2016], with the value of losses reaching 200 million US
dollars [The World Bank 2010]. To mitigate flood and inundation
damage, the government has carried out the construction of
reservoirs, embankments, revetments, and channel widening and
excavation in several locations [BBWS Bengawan Solo 2015].
Specifically, in the Dengkeng-Pusur section, which is part of
the upstream Bengawan Solo River, construction of the embank-

ment along 1.8 km was carried out between 1988-1994. The
construction took into consideration that densely populated cities
such as Sukoharjo and Klaten and industrial and agricultural
areas could be potentially affected by the Bengawan Solo River
flood. The embankments are built on either side of the river. In
addition to the embankment construction, channel widening, and
excavation and revetment was also carried out to increase the
river’s capacity from the original 400 m>s! to 1,240 m>s7,
which had ten year return period [JICA 2002].

Over time, the Bengawan Solo River faced problems related
to watershed management, including; flooding due to the channel
capacity being unable to accommodate discharge, especially
during the rainy season; high flow coefficient due to land
conversion to settlement; additionally illegal logging resulting in
small water absorption capacity [BBWS 2010]. In line with this,
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several studies have shown that changes in land use affect the
peak flood discharge, such as research conducted by CORNELISSEN
et al. [2013], MaryoNo [2013], LIU et al. [2014], and DEEPAK et al.
[2017] Likewise, climate change also influences the peak flood
discharge as conducted by SuripiN and Kurniant [2016], KNIGHTON
et al. [2017], PARANDIN et al. [2019].

To determine whether the embankment can control the
existing maximum flood discharge, it is necessary to analyse the
maximum flood discharge possible. This information is helpful in
the context of disaster mitigation and reducing the impact of
disaster risk.

The design of flood discharge is carried out using a unit
hydrograph that transforms rainfall into streamflow. The unit
hydrograph of a watershed is defined as a direct runoff
hydrograph (DRH) resulting from one in (usually taken as
1 cm in SI units) excess rainfall generated uniformly over the
drainage area at a constant rate for the duration [CHow et al.
1988]. The unit hydrograph uses rainfall data and discharges
records at the control point. However, in practice, the available
hydrological data is of inadequate quality due to errors such as
false errors related to recording data, systemic errors related to
measuring conditions, and random errors related to monitoring
and measurement activities [WMO 2009].

The design of flood discharge requires analysis of the
synthetic unit hydrograph (SUH). Synthetic unit hydrograph
procedures are used to develop unit hydrographs for other
locations in the stream in the same watershed or nearby
watersheds of a similar character. According to Chaow et al

[1988], there are three types of synthetic unit hydrographs:
(1) those relating hydrograph characteristics (peak flow rate, base
time, etc.) to watershed characteristics (Gray method; Snyder
method), (2) those based on a dimensionless unit hydrograph
(SCS method), and (3) those based on models of watershed
storage (Clark method). Synthetic unit hydrographs can also be
developed using genetic algorithms such as those conducted by
Rar et al. [2009] and SArRkAR et al. [2010]. In Indonesia, the
synthetic unit hydrograph generally used are Soil Conservation
Service (SCS) method, Nakayasu method, and Gama I method,
referring to many studies [Ariyani, RiapH1 2019; Junia et al. 2015;
KRISTIANTO et al. 2019; MARGINI et al. 2017; MARTHINA et al. 2014].

In this study, three methods are used to analyse the
Bengawan Solo River flood discharge in the Dengkeng-Pusur
section and compare which method results are the closest analysis
of the flood discharge from field observations. Analysis of flood
discharge from field observations will use water level data
recorded at the Serenan Automatic Water Level Recording
(AWLR) station on the Bengawan Solo River. The length of the
Bengawan Solo River from upstream to the Serenan AWLR
station is about 37 km, and the area of the Bengawan Solo
watershed as the study location is 951.35 km? [BBWS 2019], as
seen as Figure 1. Calculation of flood discharge of the Bengawan
Solo River in the Dengkeng-Pusur section also calculates the
maximum flood discharge released from the Gajah Mungur
Multipurpose Dam, located upstream of the study site at
400 m>s™" according to the Gajah Mungkur Reservoir Operation
Pattern [PUPR 1997].
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Fig. 1. Study location; source: own elaboration based on Indonesia topographic map
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MATERIAL AND METHODS

RESEARCH DATA

This research uses water level data at the Serenan AWLR station
from 1998 to 2018, topographical data and watershed character-
istics, and rainfall data from 1998 to 2018. Furthermore, this data
is used to analyse flood discharge with three synthetic unit
hydrograph methods, i.e. the Soil Conservation Service method,
the Nakayasu method, and the Gama I method. Besides the flood
discharge, a calculation was also carried out based on the water
level recorded at the Serenan. The data used are presented in

FREQUENCY ANALYSIS

Frequency analysis is merely a procedure for estimating the
frequency of occurrence or probability of occurrence of past and/
or future events [Haan 1977]. The frequency analysis of
hydrologic data is to relate the magnitude of extreme events
to their frequency of occurrence through the use of probability
distributions. The hydrologic data analysed are assumed to be
independent and identically distributed, and the hydrologic
system producing them (e.g. a storm rainfall system) is
considered stochastic, space-independent, and time-independent
[CHow et al. 1988]. In this study, the analysis of rainfall data

Figure 2. is intended to determine the amount of return period of rainfall.
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Fig. 2. Research flow diagram; source: own elaboration
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This analysis includes several calculation stages, i.e. calculation
of rainfall in the catchment area (CA) and then analysis
of rainfall frequency and intensity curves. A rainfall probabi-
lity distribution can be determined by calculating statistical
parameters such as mean values, standard deviations, coeffi-
cient of variation, and skewness coefficients from existing data
and followed by statistical tests. The statistical formulas
determine the type of probability distribution as Equations
(1)-(4).

Standard deviation

5= 271(“"1_5{)2 v
(n—1)

Skewness coefficient

Cs = ; Z i (2)

(nfl

Variant coefficient

Curtosis coefficient

n2

(n—1)(n—2)(

Crp =

L @

where: n = sum data; X = average of rainfall; s = standard
deviation; x; = number of data i.

There are several distribution analyses in hydrology, i.e.
normal distribution, log-normal distribution, extreme value type I

(Gumbel), and log-Pearson type III. In practice, the actual

Table 2. Smirnov-Kolmogorov test on value of criticism (Acr)

probability distribution is difficult to know to explain the related
phenomena; it is necessary to choose the appropriate distribution
type through a statistical approach. The type of distribution
analysis is based on statistical parameters in Table 1.

THE SMIRNOV-KOLMOGOROV TEST

The Smirnov-Kolmogorov test is one way to assess whether the
selected distribution represents observational data. The data
should not be grouped for this test [Haan 1977]. The Smirnov—
Kolmogorov test compares the maximum difference between the
data plots with the theoretical lines on the probability paper or
the maximum A value with the possibility of getting a value
smaller than the critical value. The value of criticism (Acr)
depends on the amount of data (n) and the degree of failure («),
as can be seen in Table 2.

Table 1. Statistical parameters to determine the type of
distribution

Distribution Condition

(Z % 5)-100% = 68.27%

Normal (T + 25)-100% = 95.44%
C=0
C,=C} +3CGC,

log normal
Ci = C, + 6C,° + 15C,* + 16C,* + 3
C, = 1.14C,

Gumbel
Cy=54

log-Pearson 111 not the value above

Source: TriaT™MODJO [2008].

Acr values at «
Amount of data n

0.20 0.10 0.05 0.01

5 0.45 0.51 0.56 0.67
10 0.32 0.37 0.41 0.49
15 0.27 0.30 0.34 0.40
20 0.23 0.26 0.29 0.36
25 0.21 0.24 0.27 0.32
30 0.19 0.22 0.24 0.29
35 0.18 0.20 0.23 0.27
40 0.17 0.19 0.21 0.25
45 0.16 0.18 0.20 0.24
50 0.15 0.17 0.19 0.23
1.07 1.22 1.36 1.63

720 Na N N NG

Source: TriaT™MODJO [2008].
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RETURN PERIOD

The return period of discharge analysis requires a return period of
rainfall data. The return period is defined as the average elapsed
time between the occurrences of an event with a certain
magnitude or more significance. The return period can be
associated with the probability of exceeding a specific rainfall or
discharge value. It means not the event of rainfall or discharge
that will recur every time in the return period, but the possibility
that it occurs within a certain period [Haan 1977].

RAINFALL DISTRIBUTION

The rainfall distribution model is used to obtain a hyetograph of
the return period of rainfall. In this study, the rainfall distribution
model uses the rainfall distribution of Tadashi Tanimoto. This
model was developed based on the study of rainfall distribution
on the island of Java and used an eight-hour rainfall distribution
[TriaTMODJO 2008].

SYNTHETIC UNIT HYDROGRAPH (SUH)
OF SOIL CONSERVATION SERVICE (SCS) METHOD

The dimensionless unit hydrograph used by the SCS was
developed by Victor Mockus and was derived based on many
unit hydrographs from basins that varied in characteristics such
as size and geographic location. The unit hydrographs were
averaged, and the final product was dimensionless by considering
the ratios of g/q, (flow/peak flow) on the ordinate axis and /¢,
(time/time to peak) on the abscissa. This final, dimensionless unit
hydrograph has a time-to-peak located at approximately 20% of
its time base and an inflexion point at 1.7 times the time-to-peak
[SCS 1972]. The formula used is:

Qp = qp P. 0.00280Q), (5)
A
b= Ty corrected (6)
T:
Tycorrected = 1—5 (7)
Tc — 0.06628[]0'77 S[J,38 (8)
0.24T,
T, = 5 +1, (9)
(P —0.25)
P=—— 1
¢ P+0.88 (10)
25400

where: Q, = peak of discharge (m”s™); g, = high peak discharge
(inches); A = cross-section area (m?); T, corrected = correction
time of time concentration (h); T, = up time (h); T. = time of
concentration (h); ¢, = lag time (h); P, = effective rain (mm);
P = wet perimeter (mm) S = potential maximum retention (mm);
CN = weighted curve number.

SYNTHETIC UNIT HYDROGRAPH (SUH), NAKAYASU METHOD

Dr Nakayasu developed the SUH of the Nakayasu method based
on hydrography observations on several rivers in Japan. This
method requires several parameters, such as the time to peak
from the beginning of the rainfall to the top of the hydrography,
the time to the centre of the rainfall to the centre of the
hydrography, and the time of the hydrograph [SoemarTo 1987].

AR,

Qp = 3.603T, 1 Tos (12)

T, = tg+ 0.87, (13)
tg=0.4+0.058 L for L > 15 km (14)
tg=0.21 L7 for L < 15 km (15)
Tos = atg (16)

T, =05 tg (17)

where: Q, = peak of discharge (m>s™), v = flow speed (m-s™);
R, = radius hydraulic (m); T, = time of peak (h), tg = time base of
hydrograph (h); L = length of the longest channel (m); Ty 5 = time
lag (h); T, = unit time of rainfall (h).

SYNTHETIC UNIT HYDROGRAPH (SUH) OF GAMA | METHOD

The synthetic unit hydrograph of the Gama I method was
developed o by Sri Harto based on observations on the 30
hydrological behaviour of the watershed in Java [Harro 2000].
The method proved to be functioning well too for various other
regions in Indonesia [TriaTMODJjO 2008]. Several new watershed
parameters were proposed to develop the SUH of Gama I,
without ignoring the watershed parameters that have been
developed previously. The impact is significant in the process of
simulated rainfall to the river flow. The SUH of the Gama I
contains four main variables, i.e. time to rise (Ty), peak discharge
(Qp), time base/time to base (T’s), and storage coefficient (K). The
equations used are as follows:

Time to rise SUH Gama I (Tj)

Tr =0.43 (100LSF>3 + 1.0665 SIM + 1.2775 (18)
Peak of discharge (Q,)
Q, = 0.1836 AP35, ~0-4008 7 02381 (19)
Time base (Tp)
Ty = 27.4132 T, 1457 G-0-0956 g \O.7344 Ry 02574, (20)
Recession coefficient (K)
K — 0.5617 A01798 g—0.1446 g [r—1.0897 150.0452 (21)
Base flow (Qp)
Qp = 0.4715 AV644 9430 (22)
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where: Ty = time to rise SUH Gama I (h); Q, = peak of discharge
(m*s™); Tp = time base (hours); L = length of river (km); K =
recession coefficient (km); SF = source factor, the ratio between
the number of lengths of river first ordo with the number of river
lengths of all ordo; SIM = symmetry factor, the product of the
width factor (WF) and the ratio of upstream area (RUA); A =
watershed area (km?); JN = number of river joint; S = slope of
watershed; SN = source frequency; RUA = ratio upstream area;
D = drainage network density (km).

While the recession side is expressed in the form of an
exponential equation shown in the equation below:

Qi = Qe Tk

where: Q; = discharge of each time, after Q, (m>s™h); Q, = peak
discharge (m>s™h); T = time to peak (h); K = storage coefficient.

(23)

THE MEAN ABSOLUTE PERCENTAGE ERROR

Models and simulations need to be verified and validated,
primarily to assess the level of accuracy, which is one indicator of
the quality of the application of models and simulations [BaLct
2004]. Mean absolute percentage error (MAPE) is a simple
method for analysing the accuracy of forecasting data with actual
data [MakriDAKIs ef al. 1999]. This method calculates the absolute
error in each period divided by the observed value and then
averages the absolute percentage error. This method is used to
find the best forecasting method and is used in various scientific
fields, such as that done by HEriansyaH, HasiBuan [2018], ZAINUN
et al. [2019], and Maracl, Penpawa [2015]. The ability of
forecasting models is good if the MAPE value is below 10% and
good if the MAPE value is between 10% and 20% [Lewis 1982].
The MAPE formula is as follows:

[¥i- %]

iV,

n

MAPE 100% (24)

where: Y, = prediction; Y, = actual data; n = amount of data.

RESULTS AND DISCUSSION

The results of the analysis of the calculation of the maximum
flood discharge of the Bengawan Solo River in the Dengkeng-
Pusur Section using the Synthetic Unit Hydrograph of the
Synthetic Soil Conservation Service method, Nakayasu method,
Gama I method and also the results of the analysis of the
maximum flood discharge based on analysis of observational data
on the AWLR Post of Serenan can be seen in Table 3. In the
analysis, each method has taken into account the maximum flood
discharge released from the Gajah Mungkur Multipurpose Dam,
located upstream of the study site at 400 m*s™" according to the
Gajah Mungkur Reservoir Operation Pattern and assumed to be
fixed for each flood period recalculation.

Table 3 shows that the synthetic unit hydrograph of the
Nakayasu method provides the highest maximum flood dis-
charge compared to the observation maximum flood discharge at
the Serenen AWLR station, followed by the Soil Conservation
Service method and Gama I method. For example, the maximum
flood discharge of the 10-year return period at the Serenen
AWLR station is 977.65 m>s™!. Meanwhile, the results of the
analysis of the Nakayasu method are 1512.97 m’s™'. The
SCS method is 1087.16 m>s!, and the Gama I method is
881.69 m>s™'. A comparison of unit hydrographs of the three
methods for flood discharge in the ten year returns period is
shown in Figure 3.

The percentage of maximum flood discharge errors of the
synthetic unit hydrograph (SUH) of the Soil Conservation
Service, Nakayasu method, and Gama I method, compared to
the observation maximum flood discharge at the AWLR Serenan
Station, use the mean absolute percentage error (MAPE) method
is shown that the maximum flood discharge of the Bengawan Solo
River in the Dengkeng—Pusur Section using the SUH of the Gama
I method has the slightest error until 8.0% compared to the
observation maximum flood discharge at the Serenen AWLR
station, followed by the Soil Conservation Service method of
16.6% and Nakayasu method of 39.5%. In other words, the SUH
of the Gama I method is the most accurate error percentage
compared to the other two methods.

Table 3. Maximum flood discharge (Q) of each method and flood discharge at Serenan AWLR station

Q (m’s™")
Return period
’ SCS method Nakayasu method Gama I method Flood gi‘sl\crl]:;l{riia:itoierenan
2 793.31 1 037.03 681.96 775.77
5 955.15 1299.17 791.97 905.13
10 1 087.16 1512.97 881.69 977.65
20 1213.77 1 718.05 967.74 1 031.04
25 1 285.57 1 834.34 1 044.07 1 058.82
50 1 459.12 2 115.42 1134.49 1 115.06
100 1 656.59 2 435.27 1 268.71 1163.37

Source: own study.
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Fig. 3. The synthetic unit hydrograph (SUH) of the three methods for flood discharge in the 10-year return period; source: own study

Table 4. Percentage of maximum flood discharge errors for each
method compared to observation maximum flood discharge

Gama I method SCS method Nakayasu method
8.0 16.6 39.5
Source: own study
CONCLUSIONS

1. The Gama I method is the best synthetic unit hydrograph
to calculate the maximum flood discharge of the Bengawan Solo
River in the Dengkeng-Pusur section because the calculation
results are closer to the field observation discharge with an error
percentage of 8.0%. On the other hand, the calculation of the
maximum flood using the synthetic unit hydrograph (SUH) of
the Synthetic Soil Conservation Service showed an error
percentage of 16.6%, and the SUH of the Nakayasu method
showed an error percentage of 39.5%.

2. The synthetic unit hydrograph of the Gama I method is
the best applied at the Bengawan Solo River in the Dengkeng-
Pusur Section. The method can serve as a verification tool if
there is a damaged gauge in the Bengawan Solo River or at
other locations that have similar watershed characteristics of the
study site.

3. The maximum flood discharge for the ten year return
period of the Bengawan Solo River in the Dengkeng-
Pusur section based on the analysis of the synthetic unit
hydrograph of the Gama I method, Soil Conservation Service
method and Nakayasu method varying between 881.69 m’s™
to 1512.97 m>s™' while the design flood discharge of Benga-
wan Solo River embankment in the Dengkeng-Pusur section
of 1,240 m>s™! or are among the calculations of the three
methods.
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