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Abstract: Groundwater plays a pivotal role in hydrological systems as it is stored in an underground layer
and can naturally replenish rivers, lakes, or serve as a water source. Uncontrolled groundwater pumping due to
increasing clean water demand poses a threat to sustainable groundwater. Therefore, groundwater recharge capacity
must be continuously maintained or even increased. Groundwater is a component of the hydrological cycle, which
is replenished naturally or artificially through the infiltration of surface water, such as rainfall, into a saturated
aquifer. This process of recharge has the capacity to increase the flow of discharge into rivers or lakes. The capacity
of groundwater recharge in an area must be known to support integrated groundwater management. This research
investigates the spatial potential of groundwater recharge. There are several techniques or methods that can be
selected for estimating groundwater recharge. One such method was developed by Iwaco. This approach
incorporates the principle of water balance as applicable to urban regions, having evaluated the elements of
population density and land use. The formulation comprises two equations, one for examining saturated
groundwater recharge and the other for unsaturated groundwater recharge. In this research, we analyzed the
groundwater recharge in five areas: WS Cidanau, Ciujung, Citanduy, Indragiri, Jeneberang, and Parigi Poso. The
results show that WS Parigi Poso has the highest average groundwater recharge of 619 mm/year. This is due to WS
Parigi having the highest proportion of unsaturated area, which amounts to 99.3% of the total area, and only 0.7%
being saturated. WS Parigi Poso, with an average percentage of yearly rainfall of 25.2%, can become the potential
of groundwater recharge. Based on the results, it can be concluded that the potential of groundwater recharge
depends on rainfall, saturated and unsaturated areas, and population density. The larger rainfall amounts within the
region result in an expansion of the area's unsaturated zone and a decrease in population density, leading to a higher
likelihood of groundwater recharge in this region.

Keywords: groundwater, recharge, river area, water balance.

ENE EFIL &R 53 a7t sth T K #h R RO ZE ()8

BE e TKERNRGPEERREA , ANECHEFERTE , WUBERIFTR,
HPARAEN KR, BTXEERNFERNUTEIN |, 1t TR TS b B AT 448 b T K49 A%
THB. At , XTFERFESRS U T KIMEEED . 1 TKRAKIBEHRH — MR ER D

,BERK (WRK ) BABNEKE , BRAFA LI Tk, XipiMaS 2R E
MRATRBF A TR, BT B MoK TRIMEEED , UREFEE 1 T KEE,
PR BE T 1 TRIMENZEE D, BILHRARR G EAIHEEREGEE TR MG, HH

©8 © 2024 by the authors. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC-BY) license (http://creativecommons. org/licenses/by/4.0/).



Wibowo et al. Spatial Potential of Groundwater Recharge in Some Indonesian Rivers, VVol. 51 No. 6 June 2024

178

—fEEZRAELTAN., XMAELEETERTHTHXAKEERN , 4T AOBE
M FARR. ZARTERNIAE, —MNATEREN® T KING , S—MNATERE
MM T KIME, EARRD , RIIDH 7T EN X TAIEER | BRE,. BR. &
BEHF, AESEHE, PRABMERER, £RE5R , WSERFERNFEHB T KIMNEE

RS , N619ZXK/F, XRFRAWSHEFTHTEMERLARS , 5 EERN9.3% , i
MERRA0.7%. WSERFZENWFFIIRRER DL N25.2% , AT Nt FKIMEHE

Ho RBERAUBEHLE R , W TARINEBIERTRRE, MAFEMAERURAOE
E. KENERRFELK , SBXEFENXT K, ADZERE , N8N T Zit Xt Tk

*MARY ATREME

X : WTOK, ¥MA, STRER, KEFHE.

1. Introduction

Water and water resources are divine gifts that
should be managed sustainably and efficiently for the
fair prosperity of the people. It is essential to utilize
water resources effectively to meet the demands while
ensuring their sustainability [1]. The availability of
water has been adversely affected by various
environmental changes, resulting in a disparity between
the amount of water available and the demand for it.
This gap is expected to widen as the demand for water
continues to rise while the available water supply
dwindles [2, 3]. This trend is further exacerbated by the
increasing use of water resources [4]. To meet the
demand for clean water, society explores alternative
resources beyond surface water, one of which is
groundwater.

Groundwater is a critical component of hydrological
systems [5] and is stored in an underground layer,
which can naturally replenish river bodies, lakes, or
serve as a source of water. Approximately 1.69% of the
Earth's water is in the form of groundwater, which may
seem insignificant; however, it is substantial when
compared to the volume of river water, which
constitutes only 0.0002% of the total water on Earth.
Uncontrolled extraction of groundwater due to the
growing demand for potable water poses a significant
challenge to the long-term sustainability of this
valuable resource. As a result, it is crucial to
continuously replenish the groundwater supply, even at
increased levels [6].

In Water Resources Law No. 17 of 2019 [7],
groundwater conservation is required so that the
carrying capacity and function of groundwater recharge
[8] can be well maintained. Groundwater recharge is a
groundwater conservation strategy [9] that is intended
to protect and maintain the availability, condition, and
environment of groundwater [10].

Groundwater recharge is the process of adding

groundwater from outside (rainfall) into an unsaturated
aquifer naturally or artificially, directly to the aquifer or
another formation [11]. This recharge has the potential
to add flow discharge in the river or lake. Groundwater
replenishment is a component of hydrologic processes,
which encompasses the natural and artificial movement
of surface water into underground reservoirs [12, 13].
The knowledge of the capacity for groundwater
recharge in a particular region is crucial for
implementing  effective  integrated  groundwater
management practices [14, 15]. There are many
techniques or methods that can be selected for
estimating groundwater recharge [16], such as
measuring water absorption using a lysimeter that is
installed in an unsaturated zone, analyzing catchment
water budget, using remote sensing, applying
numerical models, measuring groundwater level
fluctuations, and applying the radio-isotope method
[17]. Groundwater recharge analysis is carried out by
applying the method developed by Iwaco [18] in the
Jabotabek Water Resources Management Study
(JWRMS). This method incorporates the principle of
water balance, which can be applied to urban areas by
evaluating the factors of population size and land
utilization. The methodology for analyzing recharge
comprises distinct formulations for saturated regions,
such as densely populated areas and industrial zones,
and unsaturated regions, including forests, irrigated rice
areas, and plantations. It is essential to have a land use
map to classify these areas. In this study, we investigate
the feasibility of recharge in the WS Cidanau-Ciujung-
Cidurian, WS Citanduy, WS Indragiri, WS Jeneberang,
and WS Parigi Poso areas. The identification of five
riverine regions that would be suitable for evaluating
the annual average recharge potential was based on
factors such as land cover distribution, population
density, and average rainfall in a particular year.
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2. Materials and Methods

Groundwater recharge analysis is carried out by
applying the method developed by Iwaco [19, 20] in
the JWRMS. This method incorporates the principle of
water balance by evaluating the variables of population
size and land utilization. The equation utilized for
assessing recharge in this method is distinct for areas

that are saturated (such as heavily populated regions or
industrial zones) and those that are unsaturated (like
forests, irrigated rice fields, or plantations); hence, a
land use map is necessary for categorization. The
mechanism of recharge analysis using this method is
illustrated in Fig. 1.
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Fig. 1 Mechanism of recharge in a big city [19]

The equation is as follows [13]:
Rpew = (1 - fimpv) * (P * (1 - kdsro) -
Eact)

Rimpv = fimpv * kimpv = (P — Eaimpv)
where:

)
)

Rpery - rainfall recharge dropped onto an unsaturated
surface
Rimpy - rainfall recharge dropped onto a saturated
surface

fimpy - percentage of saturated surface area (in relation
to population density, speed, and commercial activity)
P - rainfall
k4o - percentage of direct surface runoff from
unsaturated land
kimpv - percentage of rainfall dropped on a saturated
surface that is infiltrated into soil
E, . - actual evapotranspiration from an unsaturated
surface
Ea;mp, - actual evapotranspiration from a saturated
surface

The percentages of surface runoff (kg..,) and
infiltration (k) are arranged based on the land use

map. The analysis of groundwater recharge in this
research is then differentiated for saturated and
unsaturated areas, as can be seen in Equations (1) and
(2). Accordingly, reclassification is conducted for each
type of land use into two distinct classes: saturated and
unsaturated areas. Unsaturated regions encompass
irrigated rice fields, plantations, mining operations,
farms, and moors, among other such areas. Saturated
regions include developed environments and water
bodies. The value of k., is assessed exclusively for
unsaturated regions, as this parameter takes into
account the fact that not all rainfall will be intercepted
by the soil in these areas; portions of it will still
overflow onto the surface. The value of kg, IS
typically estimated to be around 0.1 or 10% of the
rainfall, which is considered comparable to the surface
runoff in sloping grassland and sandy soil, and is
commonly employed in the rational method for
evaluating peak discharge in drainage systems [19].
Another parameter that is calculated based on the land
use map is the percentage of infiltration from the
surface in saturated surface (kjypy).- The parameter

kimpy is assessed exclusively for saturated areas as it

takes into consideration the fact that not all rainfall will
result in overflow in these areas. Despite this, there will
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still be a small amount of recharge into the soil, such as
through drainage systems, as illustrated in Fig. 1. The

four classes that make up the value of Ky, are

illustrated in Table 1. The greater the class, the more
rainfall is infiltrated in the saturated area.

Table 1 Infiltration percentages (The authors)
Infiltration class of the Percentage of recharge
drainage system from runoff in saturated
areas
20%

25%
30%
40%

P wWPNPE

The estimation of the percentage value of the
saturated surface (fimpy) IS necessary due to the
unavailability of field data related to the saturated

surface. The estimation of ﬁ-mpv is derived from the
population density data for the village scale, which is
obtained from the Statistical Center Institution (BPS).
In the IWRMS, the estimation of f,,,,, is based on the
population density, which is presented in Table 2.
Areas with higher population densities are typically
considered to be densely settled or developed regions,
which can be classified as saturated zones.
Consequently, the value of fi,,,,, tends to be higher in
these areas.

Table 2 Values of fimp'u based on the population density (The

authors)
Population density fimw

Percentage Value
<50 10% 0.1
50-100 25% 0.25
100-150 40% 0.4
150-200 50% 0.5
200-250 57% 0.57
250-300 65% 0.65
300-350 70% 0.7
350-400 75% 0.75
400-500 80% 0.8
>500 85% 0.85

The annual average rainfall at each rainfall station is
calculated by analyzing the daily rainfall in the data
series. This analysis is conducted using the Isohyet
method, which involves creating lines that connect
points with the same rainfall depth. The Isohyet method

assumes that the rainfall in the area between two
Isohyet lines is equal to the average of the two lines.
The resulting line represents the distribution of rainfall
in the area, taking into account the spatial variation.

The analysis of evapotranspiration utilized is the
Penman-Monteith method. This method needs four
climate parameters, and the equation is as follows [20,
21]:

0,408A(Rp —G}+y%u(eg—ea]

_ gant273
Efp = Aty (140,34) @)

where:
ET, - potential evapotranspiration (mm/day)
A - gradient curve of the vapor pressure (kPa/°C)
G - hot flux of soil (MJ/m?/day)
E. - saturated vapor pressure (kPa)
The following equation is employed to evaluate the
worth of A:

17,27T
4098(0,6108)exp {Wm] 4)

(Trean+273.3)2

The midday G value is estimated as follows:

G =0,1R, (5)

At night, the equation for G may be approximated
as follows:

G = 0,5R,, (6)

The value of es is evaluated using the following
equation:

e = e (Tmax)te (Tmin) (7)

2
The examination of recharge in areas with
impermeable and permeable surfaces involves the
application of Equations (1) and (2), which is
facilitated by the raster calculator toolbox in ArcGIS.

3. Results and Discussion

The study of the recharge potential in the five river
regions revealed that land cover and population density
significantly impact the distribution of recharge
potential. In particular, areas with high population
density and saturated conditions tend to have lower
recharge potential compared to regions with low
population density and unsaturated conditions.
Furthermore, the average rainfall depth plays a crucial
role in determining the annual average recharge
potential as it is the primary source of recharge water.
The findings are illustrated in Fig. 2.
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Fig. 2 Map of recharge potential in the river regions: (A) C3, (B) Citanduy, (C) Indragiri, (D) Jeneberang, and (E) Parigi Poso (The authors)

The data outlining the average recharge potential 3.
per year for the five river regions is presented in Table
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Table 3 Recharge potential in the five river regions (The authors)

Luas (km2) %Area

Rata-Rata Imbuk Rata-Rata Hujan % Rata-Rata Imbuk

No Lokasi Total

Kedap | Tidak Kedap Kedap |Tidak Kedap

Kimpv

Kedap|Tidak Kedap |Semua Area |Kedap|Tidak Kedap |Semua Area| Kedap |Tidak Kedap |Semua Area

WS C3 318.3873 3807.144 41255 7.7% 92.3%

0.2

104 152 128| 1788 2180 1984| 5.84% 6.95% 6.45%

WS Citanduy 378.972 4104.5983 4483.6| 8.5% 91.5%

0.2

140 252 196| 2744 2717 2730 5.10% 9.27% 7.18%

WS Indragiri
WS Jeneberang
WS Parigi Poso

453.3735
629.9018
56.991

21793.98994
8820.5612
8558.1243

22247.4
9450.5
8615.1

2.0% 98.0%
6.7% 93.3%
0.7% 99.3%

[GCREIITNINA

0.2
0.2
0.2

142 631 387| 2182 2250 2216
179 553 366| 2287 2467 2377
162 1076 619| 2318 2598 2458

6.51%
7.84%
6.99%

28.05% 17.45%
22.42% 15.41%
41.42% 25.18%

The following
potential:

The average annual recharge in the saturated area of
WS C3 measures 104 mm, while the yearly average
rainfall in this region is 1,788 mm. It is estimated that
approximately 5.8% of the yearly rainfall has the
potential to become recharge in the saturated area of
WS C3. In contrast, the average annual recharge in the
unsaturated area is 152 mm, whereas the yearly average
rainfall in this area is 2,180 mm. It is approximated that
roughly 7% of the annual rainfall in the WS C3
unsaturated zone has the potential to recharge. Taking
into account the entire WS C3 area, the average annual
recharge is 128 mm. Considering the yearly rainfall in
the WS C3 area, which amounts to 1,984 mm, the
average percentage of rainfall that becomes recharge
potential is approximately 6.5%. The WS C3 area
remains relatively unsaturated, with almost 92.3% of
the zone classified as unsaturated and only 7.7% as
saturated.

In the study area of WS Citanduy, the annual
recharge in the saturated zone is approximately 140
mm/year, which corresponds to an average yearly
rainfall of 2,744 mml/year. It is estimated that
approximately 5.1% of the yearly rainfall in the
saturated zone has the potential to become recharge. In
contrast, the average recharge in the unsaturated zone is
approximately 252 mm/year, with an average yearly
rainfall of 2,717 mm/year in the same area. It is
estimated that around 9.3% of the yearly rainfall in the
unsaturated zone has the potential to become recharge.
Taking both zones into account, the overall average
recharge in WS Citanduy is approximately 196
mm/year, with an average yearly rainfall of 2,730
mm/year. Based on these findings, it is estimated that
approximately 7.2% of the yearly rainfall in WS
Citanduy has the potential to become recharge. The
wide extent of the unsaturated zone, accounting for
about 91.5% of the total area in WS Citanduy, is a
contributing factor to this result.

In the WS Indragiri region, the annual recharge in
the saturated area is approximately 142 mml/year,
which is significantly lower than the yearly average
rainfall of 2,182 mm/year in the same area. It is
estimated that about 6.5% of the annual rainfall in the
saturated area has the potential to become recharge. In
contrast, the average recharge in the unsaturated area is
631 mm/year, with a yearly average rainfall of 2,250
mm/year. It is estimated that approximately 28.1% of
the annual rainfall in the unsaturated area has the

is a summary of the recharge

potential to become recharge. Overall, the average
recharge in WS Indragiri is 387 mm/year, with a yearly
rainfall of 2,216 mm/year. It is estimated that roughly
17.5% of the annual rainfall in WS Indragiri has the
potential to become recharge. This is because the
unsaturated area in WS Indragiri covers a significant
portion of the region, approximately 98%, while the
saturated area accounts for only 2% of the total area in
WS Indragiri.

In the study area of WS Jeneberang, the annual
recharge rate in the saturated zone is estimated to be
179 mml/year, which is significantly lower than the
annual average rainfall of 2,287 mm/year in the same
zone. It is estimated that approximately 7.8% of the
annual rainfall in the saturated zone has the potential to
become recharge. In contrast, the unsaturated zone in
WS Jeneberang has an average recharge rate of 553
mm/year, which is lower than the annual average
rainfall of 2,467 mm/year in the same zone. It is
estimated that about 22.4% of the annual rainfall in the
unsaturated zone has the potential to become recharge.
Overall, the average annual recharge rate in WS
Jeneberang is 366 mm/year, which is lower than the
annual average rainfall of 2,377 mm/year in the area. It
is estimated that approximately 15.4% of the annual
rainfall in WS Jeneberang has the potential to become
recharge due to the relatively high proportion of the
unsaturated zone in the area, which is about 93.3%, and
the saturated zone, which is about 6.7%.

The average annual recharge in the saturated zone
of WS Parigi Poso is 162 mm/year, which is
significantly lower than the yearly average rainfall of
2,318 mm/year in the same area. It is estimated that
approximately 7% of the yearly rainfall in the saturated
zone has the potential to become recharge. In contrast,
the average annual recharge in the unsaturated zone is
1,076 mm/year, which is nearly half of the yearly
average rainfall of 2,598 mm/year. It is estimated that
approximately 41.4% of the yearly rainfall in the
unsaturated zone has the potential to become recharge.
Overall, the average annual recharge in WS Parigi Poso
is 619 mm/year, which is significantly lower than the
yearly average rainfall of 2,458 mml/year. It is
estimated that approximately 25.2% of the yearly
rainfall in WS Parigi Poso has the potential to become
recharge. This is because the unsaturated zone in WS
Parigi Poso covers nearly all of the area, at 99.3%,
while the saturated zone covers only a small fraction, at
0.7%.

The condition of recharge potential in the five WSs
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is indirectly influenced by saturated and unsaturated
area conditions in each river region. The saturated
region comprises the water body area and developed
areas that are unable to absorb rainfall. The comparison
of each river region is shown in Fig. 3. Of the five river
regions, WS Indragiri has the biggest area at 22,247.4
km?, while WS C3 has the smallest area at 4,125.5 km>.
According to the comparison of the saturated area to
the river region area, WS Citanduy possesses the
largest saturated area at 8.5%, with WS C3 coming in
second at 7.7%. It is because both of the river regions
are situated on Java lIsland, which boasts a high
population density, resulting in numerous developed
areas. However, the river regions with the smallest
saturated areas are WS Indragiri (2%) and WS Parigi
Poso (0.7%).

Perbandingan Persentase Area Kedap dan Tidak Kedap Terhadap Luas Wilayah Sungai

s Ty

81505

Luas (lm?)

Fig. 3 Comparison of the saturated and unsaturated areas in the five
WSs (The authors)

Based on Fig. 4, WS Citanduy has the highest
average annual rainfall of 2,730 mm/year, while WS
C3 has the lowest average annual rainfall of 1,984
mm/year. Despite this, WS Parigi Poso boasts the
highest proportion of impermeable space, accounting
for 99.3% of the total area, and only 0.7% is permeable
(Fig. 3). Furthermore, it has an average annual rainfall
recharge potential of 25.2% (Fig. 5).

Rata-Rata Hujan dan Potensi Imbuhan Tahunan

Fig. 4 Average annual rainfall and recharge potential in the five
WSs (The authors)

Perbandingan Persentase Potensi Imbuhan dan Bukan Imbuhan Tahunan Terhadap Rata-
Rata Hujan Tahunan

Fig. 5 Percentage comparison between the recharge potential and

non-recharge potential in relation to the average annual rainfall
(The authors)

4. Conclusion

Based on the analysis above, WS Citanduy has the
highest average annual rainfall of 2,730 mm/year,
while WS C3 has the lowest average annual rainfall of
1,984 mm/year. Despite this, WS Parigi Poso possesses
the highest proportion of impermeable area, amounting
to 99.3% of the total area, and only 0.7% is permeable.
The average percentage of the yearly rainfall that can
potentially recharge the area is 25.2%.

The analysis of recharge potential in the five river
regions indicates that it is highly contingent upon
rainfall, the presence of permeable and impermeable
areas, and population density. It is evident that areas
with higher rainfall, larger impermeable areas, and
lower population density will exhibit greater recharge
potential. Conversely, regions with lower rainfall,
smaller impermeable areas, and higher population
density will have less recharge potential.

Analysis of recharge potential in the five river
regions yields several inconclusive results. This is
because the analysis of recharge potential using the
method developed by Iwaco [19] has some
shortcomings. The method entails the calculation of
three parameters, which are subjective and qualitative
in nature as they are based on ranges of values

determined for  fimpy Kasror @A Kimpy- fimpw 1S
dependent on population density, while kg, IS
assumed to be 0.1 for impermeable surfaces, and
kimpy 1s based on the estimation of the rainfall

percentage in permeable surfaces that is infiltrated into
soil. However, this method can be used to spatially
analyze and illustrate recharge potential in an area.
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