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Abstract

The integration of surface water and groundwater is essential for sustainable water resources management, as both
components are hydrologically interconnected through runoff, interflow, and baseflow processes. Surface water and
groundwater are inseparable components of the hydrological system, contributing significantly to streamflow and to the
calculation of water availability in watersheds. A previous study proposed a simpler, improved equation based on a rational
method to estimate potential discharge for fully delineated watersheds within a single groundwater basin. Therefore, this
study aimed to analyze potential discharge by applying an equation from previous reports with the addition of a beta ()
parameter to enhance performance. The modified rational equation was compared with three existing methods, namely FJ
Mock, Sacramento, and NRECA, across six selected watersheds, including Cidanau, Kupang, Kuto, Sampean, Belawan,
and Kumai. The results showed that the modified rational equation achieved the highest correlation coefficient and very
good RSR classification, except for Kuto and Belawan. This showed that incorporating the  parameter as a baseflow
correction factor in the Modified Rational Equation enhanced model accuracy, as indicated by higher correlation and lower
RSR values. Optimal 3 values showed a strong relationship with watersheds-to-groundwater basin area ratio (Aws/Acws),
determined through an iterative process. The modified rational equation performed optimally in small watersheds (<250
km?), with correlation values >60% in catchments like Cidanau, Kupang, and Kuto. However, the accuracy decreased in
larger areas, suggesting suitability for small-scale hydrological systems. The enhancement of the modified rational equation
using the § parameter showed an alternative method for determining water availability and potential to improve the
development of strategic frameworks of water resource management in Indonesia.
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1. Introduction

The Integrated Water Resources Management (IWRM) method is a framework that enables a comprehensive
understanding of the interconnections between surface water and groundwater, thereby enhancing the effectiveness,
sustainability, and adaptive capacity of hydrological governance [1, 2]. This method promotes adaptive and resilient
strategies that enable decision-makers to address complex hydrological challenges through coordinated policy and
planning efforts [3, 4]. In support of the IWRM framework, the water balance concept should be emphasized as a
fundamental analytical tool to quantify hydrological components such as precipitation, runoff, evapotranspiration, and
changes in surface and subsurface storage [5, 6].
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Regarding water balance in watersheds, accurate assessment of water availability requires a detailed understanding
of streamflow components, including runoff, interflow, and baseflow [7, 8]. Generally, surface runoff occurs when
rainfall intensity exceeds the soil's infiltration capacity, resulting in excess water flowing over the land surface [9]. When
the infiltration capacity is reached, excess water can flow into the subsurface (interflow) and percolate downward
through the soil profile toward the saturated zone (baseflow) [10]. Interflow refers to the lateral movement of water
through the unsaturated subsurface layer, and flow contributes to stream discharge, particularly at lower elevations [11].
Baseflow is the sustained groundwater contribution to the river and a key indicator of long-term water availability,
particularly during dry periods [12]. Given the significant role of baseflow in sustaining the surface water system,
watershed management strategies must adopt an integrated approach that explicitly accounts for groundwater basin
conditions [13].

Several hydrologic models are commonly used to estimate water availability in watersheds, such as FJ Mock,
Sacramento, and NRECA. In Indonesia, FJ Mock and NRECA methods are widely used in watershed modeling and
water-balance calculations. NRECA performs better in capturing daily fluctuations, while FJ Mock is more stable for
monthly estimations [14]. FJ Mock has shown superior performance in simulating average monthly discharge, while
NRECA is more responsive to extreme rainfall events [15]. The Sacramento model offers a more comprehensive
depiction of soil parameters in modulating soil storage capacity on surface water flow [16, 17]. Compared to other
models, the FJ Mock and NRECA methods are relatively simple rainfall-runoff models that primarily depend on runoff
and baseflow parameters for streamflow estimation. [18, 19]. The Sacramento model adopts a more comprehensive
method by explicitly accounting for runoff, interflow, and baseflow components [20]. This model shows superior
performance in representing subsurface hydrological processes (soil water and groundwater), but requires more detailed
input data, including both major and minor parameters [16].

Building on the critical role of runoff, interflow, and baseflow in sustaining watersheds' hydrology, the use of
hydrologic models is essential to adequately represent these components using simpler equations, fewer variables, and
minimal assumptions. Therefore, this study introduces a streamlined equation for estimating water availability in a fully
delineated watershed within a single groundwater basin. The proposed equation adapts the rational equation by
emphasizing interflow and baseflow parameters, which are influenced by aquifer potential within the groundwater basin.
The rational equation and modified forms are used to estimate peak discharge and design flows in small-scale watersheds
[21, 22]. However, the application of the Rational and Modified Rational Method has remained limited to preliminary
assessments of water balance, creating the opportunity to further modify and test the equation for estimating water
availability by integrating both surface water and groundwater processes. Therefore, this study aims to assess potential
discharge and dependable flow for water availability in fully delineated watersheds within a single groundwater basin
by applying the modified rational equation from previous reports [23], with the addition of the beta () parameter as a
modification. The modified equation is compared with results from established hydrological models, namely FJ Mock,
NRECA, and Sacramento, to assess accuracy and suitability for watershed management applications. The results are
expected to provide valuable information on the modified rational equation, serving as a foundational framework to
support strategic water resource management in Indonesia.

This paper is structured as follows. Section 2 describes the study area, data sources, and methodological framework,
including the development of the Modified Rational Equation and its enhancement using the B parameter. Section 3
presents results and discussion, covering potential discharge analysis, comparative analysis with established
hydrological models, and performance assessment of the enhanced equation. Finally, Section 4 summarizes the
conclusions or main findings, highlights the applicability of the modified rational equation, and outlines
recommendations for future research and water resources management.

2. Material and Methods
2.1. Study Area

According to the Regulation of the Minister of Public Works and Housing (PUPR) for Indonesia Number
04/PRT/M/2015 Concerning Criteria and Designation of River Regions [24], river basin territories are delineated into
128 units comprising 7,977 watersheds. Considering the widespread distribution, this study used six selected watersheds,
including Cidanau, Kupang, Kuto, Belawan, Sampean, and Kumai, for analytical calculations [25]. The selection was
performed to demonstrate the effectiveness of the Modified Rational Equation method in small (<250 km?) and moderate
watersheds (250-2,500 km?), assuming that all fully delineated watersheds are located within a single groundwater
basin. The delineation and governance of groundwater basins are legally established through the Regulation of the
Minister of Energy and Mineral Resources (ESDM) for Indonesia Number 2 Year 2017 Concerning Groundwater
Basins. Based on this regulation [26], the land area totaling approximately 1,922,600 km? is categorized into 421
groundwater basins covering 47.2% of the territory (907,615 km?), while the remaining 52.8% (1,014,985 km?) is
considered non-potential [27]. The delineation of watersheds and groundwater basin boundaries follows the regulatory
framework established by the Indonesian government, as shown in Figure 1 and Table 1.
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Figure 1. Distribution of Selected Watersheds Map (Cidanau, Kupang, Kuto, Sampean, Belawan, and Kumai)

Table 1. Study Area of Selected Watersheds

No Watersheds Area of Watersheds  Watersheds  Groundwater Area of Location
' (WS) WS (km?)  Length (km) Width (km) Basin (GWB) GWB (km?)
1 Cidanau 226.06 2432 9.30 Rawadanau 375.00 Serang and Pandeglang, Banten Province.
2 Kupang 235.63 3748 6.85 Pekalongan- 1.682.00 Pekalonggn city and Pekalongan regency, Central
Pemalang Java Province.
3 Kuto 364.28 3541 978 Subah 874.00 Batang Regency Aand Kendal Regency, within
Central Java Province
4 Sampean 122393 5035 2431 Bopdowoso — 244658 Sltubondg, Bondowoso, and Jember, within East
Situbondo Java Province
5 Belawan 957.53 7278 13.16 Medan 19,786.00 ~ Medan, Deli Serdang, and Binjai, within North
Sumatra.
6 Kumai 2,456.29 66.03 3720 Palangkaraya- 95,980.00 West Kotawaringin, Central Kalimantan Province

Banjarmasin

2.2. Data Parameter

The analysis of potential discharge in watersheds delineated by a groundwater basin was influenced by
hydrometeorological, land-use, groundwater-potential discharge (unconfined and confined), soil permeability, and
river-discharge observations. The use of analytical parameter data on potential discharge in watersheds is shown
in Table 2.

Table 2. Data Parameter

No. Data Parameter Type of Data Source

a) Cidanau Watershed: 20 years hydrometeorological

time series data (2001 - 2020) a) Serang Climatology Station

b) Kupang Watershed: 20 years hydrometeorological b
time series data (2003 - 2022)

=

Tegal Climatology Station

¢) Kuto Watershed: 20 years hydrometeorological time

series data (2003 - 2022) c) Kertosari Rainfall Station and Kebaturan Climatology Station

Hydrometeorological

Data d) Sampean Watershed: 20 years hydrometeorological d

time series data (2003 - 2022) Sukokerto Rainfall Station and Kebaturan Bondowoso Station

=

e) Belawan Watershed: 20 years hydrometeorological

time series data (2003 - 2022) ¢

-

Deli Serdang Climatology Station

f) Kumai Watershed: 20 years hydrometeorological

time serics data (2003 - 2022) f) Iskandar Climatology Station
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a) Cidanau Watershed: 12 years of observed

streamflow time series data (2001 - 2012) a) Water Gauge Station in Peusar Village

b) Kupang Watershed: 17 years of observed Lo . .
streamflow time series data (2003 - 2019) b) Water Gauge Station in Kupang-Kuripan Kidul

¢) Kuto Watershed: 6 years of observed streamflow ) Water Gauge Station in Kuto-Kutosari

) Observed River time series data (2008 - 2013)
Discharge Data a's . .
ampean Watershed: 6 years of observed Lo )
streamflow time series data (2010 - 2015) d) Water Gauge Station in Tenggarang - Sampean
e) Belawan Watershed: 5 years of observed streamflow L .
time series data (2009 - 2013) e) Water Gauge Station in Sei Belawan-Asam Kumbang
f) Kumai Watershed: 5 years of observed streamflow Lo . .
time series data (2009 - 2013) f) Water Gauge Station in Kumai-Tempenik
3 Land Use Data Distribution of land use in 2022 Geospatial Information Agency (BIG)
4 Soil Data Soil permeability (k) FAO’s Harmonized World Soil Database (HWSD) version 2.0
5 Groundwater Area of GWB and Aquifer Potential Discharge  Regulation of Minister of Energy and Mineral Resources (ESDM) for
Potential Data (Unconfined and Confined) Indonesia Number 2 Year 2017 Concerning Groundwater Basin

This study used data from credible Indonesian government institutions to provide information. Hydrometeorological
data, including rainfall and evapotranspiration, play an essential role in assessing potential discharge, given their
significant influence on water availability within a region. Based on common practice in hydrological and climatological
studies, a rainfall record of 20—30 years is generally considered sufficient to represent medium-term climate variability
and annual rainfall patterns. Several studies published in the last five years reported that hydrological analyses, including
extreme rainfall estimation, water balance assessment, and rainfall runoff modeling, could be reliably conducted using
data spanning 1630 years [28, 29].

For the analysis, the observed river discharge data were obtained from daily recordings collected by the Automatic
Water Level Recorder (AWLR) installed at gauging stations across all watersheds. These data served as calibration
parameters for validating the outputs of hydrological model simulations. Temporal variations in the observed data among
watersheds were primarily attributed to differences in the availability and continuity of field-recorded hydrological
measurements. Moreover, the selection of the observation period was based on the availability of historical monthly
discharge records, ensuring that the dataset adhered to established quality standards.

Land use data were applied to calculate the direct runoff coefficient (c) within a watershed, based on Indonesian
National Standard (SNI) 2415:2016, Concerning Flood Discharge Measurement Methods [30]. The runoff coefficient
(¢) quantified the fraction of precipitation contributing to surface runoff and was influenced by factors such as soil
characteristics, vegetation density, topography, and land use patterns. This parameter plays a critical role in accurately
estimating river discharge throughout the year. An increase in impervious land cover leads to a corresponding rise in
runoff volumes, which can reduce groundwater recharge and negatively affect surface water quality [31].

Soil permeability data were obtained from the FAO Harmonized World Soil Database (HWSD) version 2.0. This
parameter describes the ability of soil to allow water to move through pore spaces, based on pore size, arrangement,
distribution, texture, and structural composition. Furthermore, it plays a vital role in determining how quickly rainfall
infiltrates the ground and contributes to groundwater recharge. Soil permeability data are used to calculate the interflow
coefficient, which refers to the lateral movement of water within the soil above a saturated zone and discharging into a
river or other water body at a lower elevation than the origin. This type of flow is described as semi-deep, located above
the baseflow region [25].

Groundwater potential data are essential for calculating the baseflow coefficient (b). Baseflow represents the
sustained flow of water into rivers during dry periods, which is primarily sourced from groundwater. It is also a
significant indicator of low-flow conditions, serving as an essential component in assessing water availability during
droughts [32]. Groundwater potential data include both unconfined and confined aquifer potentials, as defined by
Indonesian government regulations, as shown in Table 3.

Table 3. Groundwater potential data based on unconfined and confined aquifers

Watersheds Groundwater Basin Area of GWB

No. (WS) (GWB) (km?) Aquifer Potential Data
1 Cidanau Rawadanau 375.00 Unconfined: 180 million m3/year; and Confined: 13 million m?/year
2 Kupang Pekalongan-Pemalang 1,682.00 Unconfined: 644 million m3/year; and Confined: 17 million m3/year
3 Kuto Subah 874.00 Unconfined: 427 million m3/year; and Confined: 8 million m?/year
4 Sampean Bondowoso-Situbondo 2,446.58 Unconfined: 1,426 million m3/year; and Confined: 172 million m3/year
5 Belawan Medan 19,786.00 Unconfined: 6,040 million m3/year; and Confined: 1,109 million m3/year
6 Kumai Palangkaraya-Banjarmasin 95,980.00 Unconfined: 32,393 million m3/year; and Confined: 16 million m3/year
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2.3. Method

The theoretical method underlying the development of the monthly potential discharge formula originated from the
need to bridge the gap among simple hydrologic models such as FJ Mock, NRECA, and Sacramento. Generally, FJ
Mock and NRECA incorporate only runoff and baseflow components, showing less efficiency in representing
subsurface flow dynamics that play a crucial role in sustaining continuous streamflow [18, 19]. In comparison,
Sacramento includes runoff, interflow, and baseflow, enabling a more realistic representation of surface and subsurface
hydrological processes, though it requires complex parameters and detailed input data [20]. Given the importance of the
three components in maintaining watershed hydrology, this study proposes a theoretical method that simplifies the
representation of runoff, interflow, and baseflow by modifying the rational equation to estimate peak discharge in small
watersheds [21, 22] . The modified rational equation is adapted to capture monthly water availability by incorporating
interflow (i) and baseflow (b) parameters influenced by soil permeability and aquifer potential in fully delineated
watersheds within a single groundwater basin, as shown in Figure 2.

The values of interflow and baseflow are influenced by the watershed area relative to the Precipitation

groundwater basin.

|:| Watershed boundary

D Groundwater Basin Boundary

Runoff (c)

R RRERARITIRATTINTR
Pervious Area

!
il

TEX

Infiltration

Soil Permeability (k) Ays :
Watershed area relative to groundwater basin area agy, Interflow (i)

Percolation

Unconfined and Confined Aquifer Potensial (Q) Baseflow (b)
Watershed area relative to groundwater basin area ﬁ

— River

— Streamflow (runoff, iterflow, an
baseflow

AWS

Unsaturated Zone

Upper Zone

o

\_/ otential Aqifer /o
stora /
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Figure 2. Illustration of the method for determining the modified rational equation in streamflow runoff, interflow, and
baseflow, modified from [33]

In the framework (Figure 3), runoff is the portion of rainfall that does not infiltrate the soil surface and flows
directly into river channels. Interflow describes the lateral subsurface flow (soil water) that moves through the soil
layer. This component is characterized by soil permeability (k), showing the subsurface hydrological response
within the fully delineated watershed—groundwater basin system (Aws/Acws). Meanwhile, baseflow denotes the
contribution of groundwater discharge originating from the aquifer potential within the groundwater basin,
providing a continuous flow component to the river system. The potential discharge of water availability can be
estimated using the modified rational equation, considering the influence of groundwater flow and interactions with
the surrounding aquifer system in fully delineated watersheds within a single groundwater basin. This modified
rational equation is expressed as follows:

From Rational Equation:

Q=C.I1A (1)

To Modified Rational Equation for Potential Discharge:
Q={(1—-c)+b+i}x(P—-E,) XA, 2)

Since (P-Ea) is in mm/month and A, is in km?, converting it into the correct unit m¥s is essential. If the equation
is completed with the conversion value, then it becomes:

1000
n xX24x3600

Q={(1—-c)+b+i}x(P—E,) xA,s X 3)

where, Q is discharge (m?/s), c is runoff coefficient, b is baseflow coefficient, i is interflow coefficient, P is precipitation
(mm/month), Ea is Evapotranspiration (mm/month), Aws is area of the watersheds (m?), and n is the number of days in
a month. Moreover, the coefficient of baseflow and interflow are dimensionless, defined as follows:

b=

X <AW5X(Qunconfmed+anf i"ed)> % 1000 @

1
> 2
P AGWB

In this equation, b =baseflow coefficient is non-dimensional, Qunconfined 1S potential discharge of unconfined aquifer
(m*/month), Qcenfined s potential discharge of confined aquifers (m3/month), Agws is area of groundwater basin (m?),
and A, is area of watersheds (m?).

910



Civil Engineering Journal Vol. 12, No. 03, March, 2026

)

In this equation, i =interflow coefficient is non-dimensional, k is soil permeability (m/s), n is the number of days in
a month (day), and Ay is the area of watersheds (m?).

/ Data Acquired /
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Figure 3. Study Framework Flowchart

In the next phase, the results obtained from the modified rational equation would be compared with three
conventional methods commonly used in water availability analysis in Indonesia, namely FJ Mock, NRECA, and
Sacramento. The objective of this comparison is to evaluate the performance of the modified rational equation in
estimating potential discharge and reliable flow values for fully delineated watersheds within a single groundwater basin.
This process includes model calibration and verification using correlation analysis and the RSR coefficient to assess the
degree of agreement between simulation results and observed data. A comparison of the parameter types and the number
of parameters used in this study is summarised in Table 4.

Table 4. Parameter of Each Method

No. FJ Mock NRECA Sacramento Modified Rational Equation
1 Catchment area Catchment area Catchment area Catchment area
2 Monthly precipitation (R) Monthly precipitation (R) Monthly precipitation (R) Monthly precipitation (R)
3 E‘;iﬁg;i?:f?g;g;m Evapotranspiration Potential (ETo) E‘;iﬁz;i?:ls?g%g;n Evapotranspiration Potential (ETo)
4 Soil Moisture Capacity Initial moisture capacity UZTWM Groundwater basin area (Agws)
5 Infiltration coefficient (i) Annual precipitation UZFWM Groundwater potential data = (b)
6 Coeftficient of recession (K) Topsoil permeability LZTWM Soil Permeability (k) i
7 Days of rain (n) Subsoil permeability LZFSM Runoff coefficient (c)
8 Exposed surface (m) Coefficient of reduction LZFPM
9 UzZK
10 LZSK
11 LZPK
12 ZPERC
13 REXP
14 PFREE
15 RSERV
16 PCTIM
Parametors 8 8 16 7
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The flowchart in Figure 3 shows the study framework that is systematically conducted in line with the procedural
methods. The process began with problem identification and preliminary data collection, followed by data analysis to
clarify the study objective. Subsequently, an appropriate problem-solving method was designed and further tested
through calibration and validation. The outcomes were evaluated to assess effectiveness, success rate, and potential
limitations. The entire sequence of processes in the flowchart led to the formulation of conclusions and
recommendations, which served as the main outputs of this study in developing the modified rational equation for
discharge estimation.

3. Results and Discussion
3.1. Potential Discharge Analysis

Based on the results of FJ Mock model calculations, the average annual discharge over a 20-year data series was
obtained for each watershed. These included Cidanau (5.74 m?/s), Kupang (3.64 m%s), Kuto (13.09 m3/s), Sampean
(26.21 m?/s), Belawan (21.27 m*s), and Kumai (95.75 m?/s). The results of Sacramento model calculations showed an
average annual discharge over a 20-year data series for Cidanau (7.29 m?/s), Kupang (7.56 m3/s), Kuto (16.10 m?¥/s),
Sampean (61.79 m%/s), Belawan (36.78 m?%/s), and Kumai (124.19 m3/s). However, NRECA model separated water
storage into two components, namely moisture and groundwater. Surplus water from the moisture storage contributed
to direct runoff or groundwater recharge. Groundwater flow (baseflow) was estimated from the volume stored in the
groundwater reservoir. The primary input parameters for this model were rainfall, climatological data, and land use
coefficients. Based on the calculation results, the average annual discharge over a 20-year data series was obtained for
each watershed, namely Cidanau (4.93 m%/s), Kupang (7.23 m?/s), Kuto (4.06 m?s), Sampean (6.18 m?*s), Belawan
(15.04 m?3/s), and Kumai (60.40 m?/s).

Runoff coefficient (c) for all selected watersheds was determined through an overlay process using the land use map
in 2022 provided by the Geospatial Information Agency, conducted in QGIS 3.28.2. Prior to assigning runoff
coefficients, the original land-use dataset obtained from the Geospatial Information Agency (BIG) was reclassified to
ensure consistency with land-use categories defined in SNI 2415:2016. Several detailed land-cover classes were
aggregated into broader categories, such as built-up/developed area, agricultural land, forest, and water bodies, following
the standard classification scheme of the SNI.The values of ¢ were assigned based on SNI 2415:2016, the Indonesian
National Standard for Flood Discharge Measurement Methods [30], as presented in Table 4. Soil permeability value (k)
for six selected watersheds was obtained through an overlay analysis using data from FAO’s Harmonized World Soil
Database (HWSD) version 2.0, conducted in QGIS version 3.28.2, as presented in Table 5. Subsequently, the k values
were used in Equation 5 to calculate the interflow coefficient (i). The baseflow coefficient (b) was derived from
groundwater potential discharge data through the application of Equation 4, as presented in Table 5.

Table 5. Runoff coefficient (c) and Soil Permeability (m/s) of six selected watersheds

No. ‘Watersheds (WS) Area of WS (km?) Runoff Coefficient (c) Soil Permeability (m/s)
1 Cidanau 226.06 0.462 9.36 x 10°¢
2 Kupang 235.63 0.335 4.19x 10
3 Kuto 364.28 0.439 3.83x 10°¢
4 Sampean 1,223.93 0.404 3.93x 107
5 Belawan 957.53 0.431 418 x 107
6 Kumai 2,456.29 0.414 9.59 x 1077

The results of Modified Rational Equation model calculations using Equation 1 showed the average annual discharge
over a 20-year data series for each watershed, including Cidanau (7.68 m3/s), Kupang (5.28 m?/s), Kuto (11.43 m?/s),
Sampean (39.24 m?/s), Belawan (39.54 m3/s), and Kumai (89.36 m3/s). By comparing the results, Sacramento method
produced the highest average annual discharge over a 20-year data series for all watersheds. For Kupang, the highest
average discharge was obtained using NRECA method, while the Modified Rational Equation obtained the largest
discharge for Belawan watershed.

In hydrological analysis, dependable flow/discharge refers to the quantifiable streamflow available within a specified
probability over a given period. The 80% dependable discharge (Q80) denotes the flow magnitude that is equalled or
exceeded in 80% of the time during the observation period. To estimate Q80, monthly streamflow records were
statistically processed by ranking discharge values in descending order. The probability of exceedance for each value
was calculated using the Weibull distribution. The calculated Q80 values from the FJ Mock, Sacramento, NRECA, and
Modified Rational Equation models are presented and systematically compared with the observed Q80 discharge derived
from AWLR data across the six selected watersheds, as shown in Figure 4.
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Figure 4. Graphical representation of the comparative analysis between model-simulated Q80 discharge values (FJ Mock,
Sacramento, NRECA, and Modified Rational Equation) and observed Q80 discharge data across selected watersheds

3.2. Comparative Analysis

The primary objective of comparing hydrological models is to evaluate the performance and reliability of each model
in representing watershed processes. This comparative analysis aims to identify the model that best correlates with the
specific hydrological and physical characteristics of watersheds. The outcomes are expected to provide valuable insight
into model selection in various applications such as water balance analysis and water resources management within
diverse watersheds. To identify the most reliable method for estimating potential discharge, a comparative analysis was
conducted using observed river discharge data (AWLR) from all selected watersheds. A total of four hydrological
models, including F.J. Mock, Sacramento, NRECA, and the Modified Rational Equation, were evaluated, as shown in

Table 6 and Figure 5.
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Table 6. Comparative analysis of four model hydrology to observed data

Calibration
No. Watersheds Ay (km?2) Methods
Correlation RSR
FJ. Mock 61.87% 0.079
Sacramento 51.15% 0.082
1. Cidanau 226.06
NRECA 32.13% 0.100
Modified Rational Eq. 70.21% 0.063
FJ. Mock 54.19% 0.079
Sacramento 52.88% 0.076
2. Kupang 235.63
NRECA 60.14% 0.066
Modified Rational Eq. 63.07% 0.082
FJ. Mock 64.13% 0.102
Sacramento 78.63% 0.079
3. Kuto 364.28
NRECA 48.65% 0.136
Modified Rational Eq. 67.13% 0.094
FJ. Mock 48.38% 0.165
Sacramento 57.94% 0.124
4. Sampean 1223.93
NRECA 43.07% 0.197
Modified Rational Eq. 58.08% 0.142
FJ. Mock 41.94% 0.77
Sacramento 46.30% 1.16
5. Belawan 957.53
NRECA 4740% 0.37
Modified Rational Eq. 4747% 1.11
FJ. Mock 37.38% 0.199
. Sacramento 3581% 0.205
6. Kumai 2456.29
NRECA 35.13% 0.178
Modified Rational Eq. 41.24% 0.162
40 1
Observed FJ Mock

NRECA Sacramento

(a) Cidanau Watershed (2001-2012)

Observed
NRECA

FJ Mock

Sacramento

(b) Kupang Watershed (2003-2019)
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Figure 5. Graphical representation of the comparative analysis between Q calculation (FJ Mock, Sacramento, NRECA, and
Modified Rational Equation) and Q observation across selected watersheds
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The comparative analysis between simulated discharge and observed data showed that the Modified Rational
Equation outperformed the other three hydrological models in terms of correlation strength across Cidanau (70.21%),
Kupang (63.07%), Sampean (58.08%), Belawan (47.47%), and Kumai (41.24%). These results show a higher degree of
statistical correlation and model robustness in representing catchment hydrological responses. In comparison, the
Sacramento model showed the highest correlation coefficient in Kuto (78.63%), suggesting greater suitability under the
specific hydrometeorological and physical conditions. The comparative analysis showed that medium-sized watersheds
had lower correlation coefficients relative to smaller catchments (Ays < 500 km?), such as Cidanau, Kupang, and Kuto.
This trend suggests that the Modified Rational Equation shows enhanced performance and predictive reliability within
small watersheds [34, 35]. However, the preliminary indication requires further investigation to comprehensively
evaluate the influence of watershed scale on model sensitivity and hydrological response accuracy [36].

The lowest RSR values were observed in the Modified Rational Equation method for Cidanau (0.063), Sampean
(0.142), and Kumai (0.162) watersheds. In comparison, the lowest RSR value for Kupang (0.066) was obtained using
the NRECA model, while the Sacramento model produced the least for Kuto (0.079). These results show the spatial
variability in model performance across different catchments, indicating the influence of watersheds-specific
hydrological and physical conditions on the effectiveness of rainfall-runoff simulation models. Application of four
hydrological models across the five selected watersheds produced RSR values within the range of 0.00 < RSR <0.50,
which corresponded to a 'very good' model performance classification [37, 38]. However, Belawan showed poor model
performance, as indicated by high RSR values generated using FJ Mock (0.77), Sacramento (1.16), and Modified
Rational Equation (1.11). The values fall within the range > 0.70, which corresponds to an 'unsatisfactory’ model
performance classification. This shows the need for further investigation regarding the reliability of the observed
discharge data and emphasizes the need for higher-quality observational datasets to improve model accuracy [39].

3.3. Enhancement of Modified Rational Equation

The enhancement of the modified rational equation through the inclusion of the B parameter aims to improve the
estimation of potential discharge, considering the influence of the groundwater basin on hydrological processes. This
modification refines the previously developed modified rational equation [40] by introducing a correction factor, B that
adjusts for the variability in baseflow contributions relative to watersheds. The B parameter serves as a coefficient that
represents the relationship between the capacity of watersheds and the groundwater basin to support baseflow. By
incorporating this parameter, the equation accounts for spatial variations in rainfall infiltration, baseflow, and subsurface
water dynamics across the entire watersheds. The method enables a more accurate representation of interactions between
surface and subsurface water processes, thereby improving the model's ability to estimate water availability. The
modified rational equation with the addition of B parameter based on Equation 2 is expressed as follows.

Q={(1-c)+bf +i}x(P—Eo)x A, (6)

where, B is correction factor of baseflow (non-dimensional).

The modified rational equation was calculated using Equation 6, incorporating beta (B) as a correction factor.
Specifically, this factor represents the hydrological interaction between groundwater and surface water in a condition
where a single watershed is entirely within a fully delineated groundwater basin, enabling a more accurate correction of
the baseflow component. The value of B3 is determined through two methods, namely an iterative trial-and-error and the
application relationship of the groundwater basin as well as watersheds using Equation 7.

p=Us )

AGwB
where, Agws is the area of the groundwater basin, and Aws is the area of the watersheds.
Based on Equation 6, calculations were carried out to determine the ratio of the watershed area to the groundwater

basin area, as shown in Table 7.

Table 7. Ratio Value (Aws/Acws) in six selected watersheds

No. Watersheds Ays (m?) Agws (m?) Ratio (Aws/Acws)
1 Kumai 2456.29 95980.00 0.026
2 Belawan 957.53 19786.00 0.048
3 Kupang 235.63 1682.00 0.140
4 Kuto 364.28 874.00 0.417
5 Sampean 1223.93 2446.58 0.500
6 Cidanau 226.06 375.00 0.603
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Figure 6. The influence of iterative p value on correlation coefficient

At the initial stage of analysis, Equation 6 was implemented using B values derived through an iterative (trial-
and-error) procedure, exploring a parameter range from 0.1 to 1.0. This method aimed to assess the model's

sensitivity to variations in B, specifically regarding its effects on the correlation coefficient and the RSR, as shown
in Figure 6.

The results obtained from Equation 5 using an iterative method showed that variations in B significantly affected the
correlation coefficient. As presented in Figure 6, the relationship between the iterative  and the correlation coefficients
showed a consistent pattern across all watersheds, with the optimal value ranging between 0.2 and 0.5, followed by a
decreasing trend, except for Kuto. An exception was observed in Kuto, where the optimal beta value was significantly
higher, reaching approximately 0.9, accompanied by a downward trend.
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Figure 7. The influence of iterative beta value (f) on RSR value

The results obtained from Equation 6 showed that variations in [ significantly affected the RSR value. As
presented in Figure 7, the relationship between the iterative f and RSR value showed a consistent pattern across all
watersheds, with the optimal B value ranging from 1.0, except for Kupang and Sampean. In Kupang, the optimal
beta value was found at 0.8, followed by a rise in RSR values. Conversely, Sampean showed an early optimal 3 at
0.1, with an increasing trend in RSR. The refined results were compared with those obtained from Equations 2
(modified rational equation) and 6 (enhancement of the modified rational equation), using B values derived from

Equation 6,

as shown in Table 8.
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Table 8. Comparative Analysis of Modified Rational Equation (a) without B; (b) B = Acws/Aws; and p = based on trial and error

No. Watersheds Beta Value (B) Correlation RSR
a) Equation 2 (without B) 70.20% 0.066

1 Cidanau b) Equation 6 with Aws/Acws (B=0.603) 70.33% 0.068
¢) Equation 6 with Trial and Error (B=0.401) 70.36% 0.085

a) Equation 2 (without 3) 63.07% 0.069

2 Kupang b) Equation 6 with Aws/Agws (B=0.140) 63.17% 0.119
¢) Equation 6 with Trial and Error (= 0.350) 63.15% 0.089

a) Equation 2 (without ) 67.13% 0.094

3 Kuto b) Equation 6 with Aws/Agws (B=0.417) 66.96% 0.110
¢) Equation 6 with Trial and Error (8= 0.952) 67.14% 0.094

a) Equation 2 (without B) 58.08% 0.142

4 Sampean b) Equation 6 with Aws/Agws (B=0.500) 58.39% 0.131
¢) Equation 6 with Trial and Error (B=0411) 58.39% 0.128

a) Equation 2 (without ) 4747% 1.106

5 Belawan b) Equation 6 with Aws/Agws (B=0.048) 47.60% 2.921
c¢) Equation 6 with Trial and Error (= 0.899) 47.49% 1.112

a) Equation 2 (without ) 41.24% 0.162

6 Kumai b) Equation 6 with Aws/Agws (B= 0.026) 41.26% 0.446
¢) Equation 6 with Trial and Error (B= 0.294) 41.35% 0.189

The iterative calibration process in Table 6 determined the optimal  coefficients for all selected watersheds, which
enhanced the correlation coefficients between observed and simulated streamflow. Furthermore, the trial-and-error
calibration showed lower Root Mean Square Error to Standard Deviation Ratio (RSR) values compared to previous
model iterations for most watersheds. In Belawan, RSR values tended to increase, falling into the unsatisfactory range
(RSR > 0.70). Kumai showed higher RSR values, but these remained within the 0.00 to 0.50 range, showing a 'very
good' model performance. The optimal [ values obtained varied among watersheds, showing that the correction factor
significantly influenced baseflow calculations. This confirmed that the enhancement of the modified rational equation
with the B parameter effectively enhanced model performance, as demonstrated by higher correlation coefficients and
lower RSR values.

4. Conclusion

In conclusion, the modified rational equation shows reliable performance in simulating streamflow and estimating
potential discharge within fully delineated watersheds of a single groundwater basin. Comparative analyses with other
hydrological methods show that the modified rational equation achieves the highest correlation coefficients (except for
Kuto) and Root Mean Square Error (RSR) values within the "very good" range (except for Belawan). This suggests that
the modified equation offers a simplified but highly effective method, showing potential for assessing water availability
in the selected watersheds. The inclusion of runoff, interflow, and baseflow parameters in the formulation of the
modified rational equation contributes to a more comprehensive representation of streamflow processes. By increasing
total discharge (Q), the model also provides a more accurate depiction of hydrological dynamics in fully delineated
watersheds within a single groundwater basin. The introduction of B further enhances model performance by improving
correlation coefficients and reducing RSR values, causing a significant improvement in the accuracy and reliability of
discharge estimates. Among other methods, the modified rational equation performs best in small watersheds (<250
km?), with correlation values consistently above 60% in catchments like Cidanau, Kupang, and Kuto. However, the
performance decreases with larger areas, showing suitability for small-scale hydrological systems where surface and
subsurface flows correlate with the model's assumptions. For future study, the modified rational equation should be
validated across a broader range, including both small and large catchments with diverse physical characteristics and
hydrological conditions. This comprehensive validation would assess the equation's sensitivity, consistency, and
predictive accuracy in various hydrological settings. Additionally, the application of the modified rational equation
should cover fully delineated watersheds in more than one groundwater basin, which includes complex interactions
between surface and subsurface water flows. This will require developing new analytical methods to account for
complex water-flow dynamics. Moreover, refining the equation could establish a solid foundation for supporting
effective water resource management in Indonesia.
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