%485 FE 1017
2021 4 10 A

HMEAXPERER (BRBEER)

Journal of Hunan University (Natural Sciences)

Vol. 48 No. 10
October 2021

Open Access Atrticle

Time-Based Modeling of Unit Hydrograph Using the Radial Watershed Physical
Parameters

M. Firman®, Mohammad Bisri, Ussy Andawayanti, Runi Asmaranto

Department of Water Resources, Faculty of Engineering, University of Brawijaya, Malang, Indonesia

Abstract: This study intends to develop a time-based (Tp) model using radial watershed physical
parameters. The methodology consists of (1) determining the unit hydrograph time base (Tv), (2) identifying the
characteristics of the physical radial watershed, (3) identifying the radial watershed physical parameters that have a
significant effect on the time base and (4) developing a time-based (T,) model. This research involves ten physical
watershed parameters from ten radial watersheds spread across Java and Sulawesi islands to be tested. As a result,
parameters of the main river slope (S) and factor of the main river length and the river length from outlet to the
nearest to the center gravity of the watershed [L.L.] together have significant ability to estimate the time base (Tp)
variability. The resulting statistical indicator is Adj. R?= 0.87, standard error of the estimate (SEE) = 0.10, Sig. F =
0.00, and also the requirements of the model residual test are met. It has a good level of accuracy, with mean
absolute error (MAE) = 0.07%, root mean square error (RMSE) = 0.09 and Nash-Sutcliffe Efficiency (NSE) = 0.89.
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1. Introduction

Hydraulic structure planning and flood mitigation
often require complete and realistic flood hydrograph
data rather than just information on peak discharge and
time to peak [1]-[4]. The absence or lack of rainfall-
discharge data pairs triggered the idea of a synthetic
unit hydrograph (SUH) concept [3], [5-7].

Based on the development of HSS theory, most
experts agree to classify synthetic unit hydrographs
(SUH) into four groups, namely (1) traditional; (2)
conceptual; (3) probabilistic; and (4) geomorphology
[3], [6], [8-10]. However, the reality is that
practitioners in Indonesia are still very fanatical about
using traditional SUH compared to other SUH. The
reason for that is the advantage in terms of ease and
practicality in its application.
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Each watershed shape provides a unique response to
the curve and the magnitude of its hydrographic
elements [11]. According to [12], the use of the SUH
model needs to consider the similarity between the
characteristics of the watershed studied, and the
watershed used when developing the SUH model. If the
characteristics are different, it often results in estimates
with significant deviations.

Research on hydrograph elements in the peak
discharge (Qp) and time to peak (Tp) has been widely
studied, as has been done in [13]-[15]. However,
proceeding from the literature review for the time base
(Tb), this research topic is still very rare. Time base (Tp)
is one of the important elements in constructing a
synthetic unit hydrograph (SUH). Several methods for
estimating T, were offered, but they still ignore the
watershed shape factor in developing the model.
Predominantly, they only focus on limiting the value of
a particular watershed area and location.

Based on the description above, this research is
more focused on developing a time-based model
suitable for application to radial watersheds. The
results are expected to provide benefits for increasing
accuracy in determining SUH.

2. Materials and Method

2.1. Study Location

Two criteria were used to determine the research
watershed. They are (1) the watershed shape is radial
with a watershed area (A) < 1,500 km? (2) The
watershed has automatic rainfall-discharge data. The
width factor (WF) and symmetry factor (SIM) are
applied to determine the watershed shape. The
watershed is radial if the parameter values are WF >
1.00 and SIM > 0.50. They are derived using Figure 1
and using the formula below.
1) The width factor (WF)

where:

WF - width factor (-);

W, - watershed width at 0.75 L (Km);

W, - watershed width at 0.25 L (Km);
RUA - upstream area of the watershed (-);
A\, - upstream watershed (km?);

A - watershed area (km?);

SIM - symmetry factor (-).
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Fig. 1 WF and RUA parameters [16]

W = Wy /W 1) There are ten selected watersheds, with details as
2) The symmetry factor (SIM) listed in Table 1. The selected watersheds are six from
RUA= A,/A (2)  Sulawesi Island and the rest from Java Island.
SIM =WF .RUA 3)
Table 1 Study watersheds
Area Width Symmetry
No.  Watershed (km?) Province Factor Factor
(WF) (SIM)
1. Bontojai 277.96 South Sulawesi 2.50 1.37
2. Daraha 26.01 South Sulawesi 4.08 2.36
3. Jonggoa 128.62 South Sulawesi 1.43 0.74
4. Kampili 630.43 South Sulawesi 1.67 0.81
5. Macini Sombala 666.69 South Sulawesi 6.39 2.74
6. Jenelata 222.95 South Sulawesi 1.62 0.85
7. Pataruman 1.387.49 West Java 1.24 0.62
8. Guwo 170.54 Central Java 1.19 0.60
9. Lesti 378.85 East Java 141 0.70
10. Gadang 692.65 East Java 1.46 0.71

2.2. Data Collection
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The data requirements for this research are as
follows:

1) Watershed Map derived from Topographic
Map Scale 1: 50.000.

2) Discharge data obtained from automatic water
level recording and rating curve.

3) Hourly rainfall data from rain recording
stations of at least one and several daily rainfall data in
the watershed.

2.3. Data Analysis

The calculation procedures and methods used are
described below:

1) To obtain time base (Tv) by the following
steps:

a. To transform stage hydrograph to discharge
hydrograph using the rating curve for each watershed.

b. To select single peak flood cases, at least ten
cases for each watershed.

c. To determine the base flow. Separation of the
base flow from the discharge hydrograph is required to
obtain a direct runoff (DRO) hydrograph. This study
was selected using the straight-line method.

d. To determine water losses. Types of water
losses include losses due to infiltration,
evapotranspiration, interception, and basin storage.
This study was selected using the phi index method.
Phi-index is constant during the rainy period. The phi
index is a method for analyzing infiltration due to the
relationship between rainfall and watershed runoff.

e. To obtain the time base data (Tp). The time
base is a period measured from zero time until direct
runoff contribution ends. The time base is calculated
with the formula: T, = n — 1 — j, where (n) is the
number of ordinates (excluding zero values at the
beginning and ending hours) and (j) is the effective
rainfall period (hour).

2) To determine the
parameters.

There are ten physical parameters to be tested,
namely watershed area (A), watershed perimeter (P),
the main river length (L), the main river length from
outlet to nearest the center gravity of the watershed
(L¢), river slope (S), topographic factors (T), drainage
density (Dd), upstream area of the watershed (RUA), a
factor of the main river length and the river length from
outlet to nearest the center gravity of the watershed
[L.Lc] and the ratio between the main river length and
the river length from outlet to nearest the center gravity
of the watershed [L/L].

The physical parameters of the watershed are
derived from the Topographic Map scale of 1: 50,000
by using the Arc. GIS. Some physical watershed
parameters (A, P, and L) could be directly obtained
from the watershed map. The remaining physical
watersheds parameters are obtained by taking into
account the following criteria and formulas:

radial water physical

a. The L. parameter is measured starting from
outlet to nearest the center of gravity of the watershed.
The grid method using Arc. GIS is applied to determine
the center of gravity of the watershed.

b. The S parameter is calculated by the following

formula:

AE,
S=7 @

where S is river slope (-); 4E; is a height difference
between upstream and downstream of the river (m);
and L is the main river length (m).

c. The T parameter is calculated using the Potten

method [17].
L

T = 505 )
where T is the topography factor (km), L is the main
river length (m), and S is the river slope (-).

d. The Dd parameter is estimated by the formula
below:

Dy = Lot /A (6)
where Dd is drainage density (km™), L is total river
length (km), and A is a watershed area (km?).

e. Upstream area of the watershed (RUA) is
defined as the ratio between the area of the upstream
watershed (Au) with the area of the watershed (A). The
A, parameter is obtained by referring to Figure 1(b).
The RUA is estimated using Equation (2).

3) To identify the radial watershed physical
parameters that significantly affect the time base and
develop a time base (Ty,) model.

a. The Pearson correlation method was applied to
identify ~ watershed  physical  parameters that
significantly affect the time base. The correlation value
(R) above 0.60 means that it indicates a significant
relationship [18]. Table 2 is the correlation coefficient
category. The direction of the relationship is indicated
by a negative or positive sign. A positive correlation
means that there is a linear relationship and vice versa.

Table 2 Correlation coefficient category [18]
Class of R Relationship
0.000-0.199 Very low
0.200-0.399 Low
0.400-0.599 Medium
0.600-0.799 Strong
0.800 —1.000 Very strong

b. A multivariate regression statistic procedure
was applied to estimate the influential model
parameters by following the form of the equation that
was reported in [16], namely the exponential equation.
In order to allow the use of multivariate regression, the
time base (Tp) model is adjusted to the following
equation:

T, = aX? . X5.X9.X¢ (7
where Xi, X, X3, and X; are the radial watershed
physical parameters and a, b, ¢, d, and e are regression
constants [19].
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3. Results and Discussion

There were 100 cases of single peak flooding in the
entire study watershed. They were obtained after
extracting the collected rainfall-discharge data.
Baseflow separation using the straight-line method is
applied to each flood hydrograph to produce a direct
runoff hydrograph. The individual time base is
determined based on each direct runoff hydrograph.

The time base representing the watershed is obtained
by averaging the individual time-based values in the
watershed. Radial watershed physical parameters tested
were obtained using a watershed map with a scale of 1:
50,000 and the software Arc. GIS and apply equation
(4) to equation (6). The values of each physical
parameter of the radial watershed and average base
time (Ty) are presented in Table 3.

Table 3 Summary of physical parameters (Xi) and time base (Vi)

Physical parameters (Xi) Yi
No. Watersheds A P L Lc S T Dd RUA [L.L(] [L/Lc] Tb

(km?) (km) (km) (km) () (km) (km?) () (km?) () (hour)
1 Bontojai 276.26 11799 36.14 21.88 0.04 177.62 0.90 0.55 790.62 1.65 3.70
2 Daraha 25.99 36.56 11.81 7.93 0.10 37.25 3.12 0.58 93.60 1.49 4.80
3 Jonggoa 128.53 73.89 2126 1281 0.06 86.06 1.76 052 272.34 1.66 5.10
4 Macini Sombala 661.49 252,95 79.21 54,76 0.02 553.21 0.80 051 4,337.27 1.45 15.50
5 Jenelata 222.95 10430 3470 2143 0.02 221.25 1.50 0.52 743.61 1.62 15.40
6 Pataruman 1398.14 297.39 10197 52.03 0.01 1,185.33 0.96 0.50 5,304.78 1.96 23.10
7 Guwo 250.29 14035 4793 2327 0.02 310.05 0.41 0.50 1,115.38 2.06 9.80
8 Lesti 378.88 15196 4420 21.24 0.04 234.90 0.19 0.49  938.66 2.08 5.20
9 Gadang 719.31 216.33 4040 1574 0.03 250.04 0.20 0.48 635.70 2.57 15.60
10  Kampili 630.10 193.33 6053 3643 0.03 371.15 0.78 0.49 2,205.00 1.66 8.00

Statistical analysis of correlation has been carried
out. It is to assess the level of relationship between the
time base and the physical parameters of the watershed
and between the physical parameters themselves

individually. The parameter values in Table 3 need to
be log-transformed (base 10) prior to analysis. The
correlation matrix is presented in Table 4.

Table 4 Correlation matrix

A P L Lc S T Dd RUA  L.Lc L/Lc Tb
A 1 797

.936™ 1 767

.901™ 934”1 739"
Lc 768" 849™ 950" 1 647"
S -0.630 -755°  -748" -674" 1 -677"
T 927 853" .944™  846™ -0.632 1 .802™
Dd -0.441 -0.630 -0.490 -0.364 773" -0.301 1 -0.262
RUA  -0.547 -670° -0526 -0.382 .735" -0.391 843" 1 -0.447
L.Lc .849™ 862 963 969" -0596 933" -0.269 -0.333 1 721"
L/Lc  0.342 0.347 0.098 -0.173 -0.325 0.121 -638" -.649" -0.105 1 0.274
Tb 797 677 7397 647" -677° 802" -0.262 -0.447 721" 0274 1

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Correlations above 0.60 are considered significant
[18]. The time base (Ty) is positively correlated with
topographic factors (T), watershed area (A), watershed
perimeter (P), the main river length (L), a factor of the
main river length, and the river length from the outlet
to nearest the center gravity of the watershed [L.Lc], the
main river length from outlet to nearest the center
gravity of the watershed (L:). As for the negative
correlation with only one parameter, namely river slope
(S).

The time base model is based on the use of the
seven physical watershed parameters above. The

modeling analysis has used the multivariate regression
method with several alternatives based on the number
of independent variables used. In this analysis, the time
base (Tb) is the dependent variable, while the physical
watershed parameters (T, A, P, L, [L.L¢], S and L) are
the independent variables. The selection of the time
base model is based on (1) statistical criteria: the Adj.
R% > 0.70, Sig. F < 0.05, the smallest standard error
(SEE) and passed the residual test; (2) The accuracy
test is good (MAE and RMSE are close to zero and
NSE > 0.65); (3) model rationalization: regardless of
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the value of the independent variable does not produce
a negative value for the time base.

In stage 1 regression analysis, the time base model
with Adj. R? the largest (0.67), was obtained by
involving the parameters S and L.L.. The model has
also passed the model residual test (normality,
autocorrelation, heteroscedasticity, and
multicollinearity test) and has a good level of accuracy.
Model improvement is made by eliminating one data
set from the Macini Sombala watershed. As a result,
the selected base time model can meet all of the above
criteria, as follows:

T, =2,037. S 1734 [L.L.]796%0 (8)
where Ty is the time base (hour), S is river slope (-);
L.Lc is a factor of the main river length and the river
length from outlet to nearest the center gravity of the
watershed (km?).

The time base (Tv) model (Eg. 8) has Adj. R? =
0.87; Sig. F = 0.00 (<0.05), SEE = 0.10 and passed the
residual test. In addition, the model has also shown
good accuracy, namely with MAE = 0.07 RMSE = 0.09
and NSE = 0.89. That model has Adj. R? = 0.87. It
means that the time base (T,) models involving two
radial watershed physical factors (S and [L.Lc]) can
simultaneously explain the time base (Ty) variability of
87%, and the rest is influenced by other parameters.

The main river slope parameter (S) has a dominant
influence on the time base (T,) model based on the
magnitude of the exponential value (1.720) and then
followed by the parameter of a factor of the main river
length and the river length from outlet to nearest the
center gravity of the watershed [L.L¢] (0.690). The
negative sign on the exponential value only shows the
direction of the relationship with the time base (Tp)
parameter. The appearance of parameters S and [L.L(]
in the time base (Tp) model is in line with the theory
and strengthens the findings of previous researchers,
which have been documented in [20] and [21]. They
have mentioned that these two parameters (S and L.L.)
are responsible for the duration of peak and recession
time.

The time base duration is mainly determined by the
flow velocity factor. Referring to Manning's equation,
the flow velocity is controlled by the hydraulic radius
(R) and the river slope (S). If we assume that the
hydraulic radius of the watershed is the ratio of the
watershed area and the watershed perimeter and the
watershed radius is 0.5 L (river length) or close to the
value of L.. Based on that, the parameter [L.Lc] is
proportional to the hydraulic radius parameter of the
watershed. Thus, the dominant parameter in the time
base (Tb) model is analogous to the parameter that
affects the flow velocity in Manning's equation.

The river slope parameter has a significant effect on
the hydrograph section, mainly on the recession
section. This effect describes the rate of decline in the
magnitude of the flood. The greater river slope
increases the rate of decreasing the higher flood

discharge. The implication of this situation is to
produce a steeper hydrograph recession or a shorter
time base duration [22]. Likewise, for the process and
effects caused by the parameter [L.Lc]. The greater the
parameter value, the more implications for the
relatively shorter flood drain time. In addition, the
results of this study have also provided evidence that
this research can support the results of previous studies
and theoretical principles, especially on flood
characteristics in radial watersheds.

The limitations of the time base (Ty,) model
produced in this research are (1) it is only suitable for
radial watersheds (WF > 1 and SIM 0.5); (2) The river
is not affected by tidal factors and perineal; (3) the
main river slope (S) is between 0.01 to 0.10; (4) the
main river length (L) is between 11.81 to 101.97 km;
(5) the main river length from outlet to nearest the
center gravity of the watershed (L) is between 7.93 to
54.76 km.

4. Conclusion

The time base modeling of the unit hydrograph is
based on radial watershed physical parameters. There
are ten radial watershed physical parameters to be
tested. As a result, parameters of the main river slope
(S) and factor of the main river length and the river
length from outlet to nearest the center gravity of the
watershed [L.L.] together have significant ability to
estimate the time base (Ty) variability. The resulting
statistical indicator is Adj. R?= 0.87, standard error of
the estimate (SEE) = 0.10, Sig. F = 0.00 and also met
the requirements of the model residual test. It has a
good level of accuracy, with mean absolute error
(MAE) = 0.07%, root mean square error (RMSE) =
0.09 and Nash-Sutcliffe Efficiency (NSE) = 0.89.
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