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Tidal flooding is a serious issue, one of the causes being land subsidence in coastal areas of 

Indonesia. This land subsidence is directly proportional to the lowering of the groundwater 

table, meaning that the greater the groundwater level decline, the worse the flooding conditions 

in the city will be. Therefore, it is urgent to analyze a solution that addresses the decline of 

groundwater levels and the issue of excessive surface water in Indonesia. The purpose of this 

research is to model the effectiveness of the Well and Borehole Recharge method in managing 

flood runoff in the coastal area of Indonesia with geographical coordinates between 6°50'–

7°10' S and between 109°50'–110°35' E. The method used includes analysis through modeling 

with remote sensing, data processing using Geographical Information Systems (GIS) software, 

and flood runoff volume calculation using HEC-HMS software. The research results indicate 

that Managed Aquifer Recharge (MAR) significantly reduced peak runoff from 250 m³/s to 

200 m³/s, despite a cumulative rainfall of 60 mm. Additionally, the maximum flood discharge, 

initially 256.3 m³/s, was reduced to 206.2 m³/s after MAR implementation. The reduction in 

maximum flood discharge and the delay in peak discharge time suggest that MAR enhances 

groundwater infiltration and retention capacity, effectively decreasing surface runoff and 

delaying runoff timing. 
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1. INTRODUCTION

Water resource sustainability is increasingly threatened in 

many parts of the world due to rapid urbanization, 

unsustainable groundwater abstraction, and the intensifying 

effects of climate change. This problem is particularly severe 

in low-lying coastal cities of Southeast Asia, including 

Indonesia, where urban expansion, rising sea levels, and 

increased rainfall variability combine and result in a complex 

water management crisis. The degradation of groundwater 

catchment areas, loss of recharge zones due to impervious land 

cover, and over-extraction of groundwater have led to severe 

land subsidence, flooding, and saltwater intrusion in coastal 

aquifers, particularly in cities such as Semarang, Jakarta, and 

Surabaya [1, 2]. 

As Indonesia’s coastal cities become increasingly 

urbanized, the mismatch between water demand and supply is 

exacerbated by a declining capacity for natural recharge and 

rising surface runoff volumes. Rainwater that once infiltrated 

permeable soils is now discharged into rivers and seas, causing 

surface flooding and diminishing groundwater reserves [3]. 

This dual challenge—declining groundwater levels and 

increasing surface runoff—demands integrated solutions 

addressing water quantity and quality issues. Among various 

interventions, Managed Aquifer Recharge (MAR) is 

increasingly recognized as a promising nature-based solution 

for sustainable water resource management in urban and semi-

urban environments [4]. 

MAR is the intentional recharge of aquifers using 

infiltration basins, recharge wells, or boreholes to augment 

groundwater storage, improve water quality, and reduce 

surface runoff [5]. It serves dual purpose: to reduce flooding 

and enhance water security. Various forms of MAR, including 

Soil Aquifer Treatment (SAT), check dams, injection wells, 

and recharge trenches, have been successfully implemented in 

arid and semi-arid regions such as Australia, India, and the 

Middle East [6, 7]. For instance, studies have demonstrated the 

capacity of recharge wells to replenish depleted aquifers while 

mitigating urban flooding risks during seasonal rainfall [8, 9]. 

Recent modeling-based studies have further illustrated the 

hydrological benefits of MAR. Epting et al. [8] evaluated 

thermal MAR systems in alluvial aquifers for water 

conservation and climate adaptation. Their findings confirmed 

that combining MAR with unsaturated flow modeling could 

help predict and optimize infiltration and aquifer dynamics 

[10]. Jadav and Yadav [9] and Seif et al. [10] used integrated 

GIS and multi-criteria decision analysis approaches to identify 

suitable MAR zones and structures in challenging 

hydrological contexts, emphasizing the importance of 

location-specific design for maximizing efficiency [10, 11]. In 
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Indonesia, however, MAR research and implementation 

remain relatively nascent and fragmented. Most existing 

studies focus on small-scale groundwater recharge 

experiments without integrating MAR into broader flood 

control strategies or considering its socioeconomic and 

ecological dimensions [12, 13]. 

Despite the proven benefits of MAR globally, its 

implementation in Indonesia’s tropical coastal cities faces 

several research and policy challenges. First, most MAR 

systems are designed for arid or semi-arid climates, and less is 

known about their performance in high rainfall, high-humidity 

contexts like Indonesia. Second, modeling tools like HEC-

HMS, MODFLOW, or GIS-based decision-support systems 

have not been extensively utilized to evaluate MAR’s 

effectiveness in coastal zones where flood risks are 

compounded by land subsidence and sea-level rise. Third, the 

pretreatment stage—crucial for preventing clogging and 

ensuring water quality—has often been neglected in 

Indonesian MAR studies, even though filtration media adapted 

from local materials could offer cost-effective solutions. 

This study seeks to address these gaps by conducting a 

comprehensive modeling and field-based assessment of the 

effectiveness of the Well and Borehole Recharge method—an 

MAR subtype—in a flood-prone coastal area of Indonesia. 

The research integrates hydrologic simulations using the 

HEC-HMS platform, groundwater profiling through 

Schlumberger array resistivity methods, and the deployment 

of a locally-sourced porous filter media made from zeolite and 

activated carbon derived from water hyacinth (Eichhornia 

crassipes). The innovation lies in three main contributions: 

Integration of MAR for dual objectives: Unlike studies that 

treat MAR solely as a groundwater recharge tool, this research 

evaluates its capacity to replenish aquifers and mitigate flood 

risks under varying rainfall intensities, especially in a tropical 

coastal context. 

Use of locally available and sustainable pretreatment 

materials: The filtration system is designed with a low-cost, 

eco-friendly zeolite and biomass-derived carbon filter. This 

represents a sustainable and replicable approach for 

pretreatment in regions with limited access to advanced water 

treatment infrastructure. 

Geospatial modeling and site-specific hydrological 

analysis: By applying HEC-HMS in combination with Digital 

Elevation Models (DEMs) and land use data, the study 

provides a quantitative basis for determining flood volumes, 

infiltration capacity, and optimal MAR system design for 

Indonesia’s urbanized deltas. 

From a practical standpoint, the study’s findings will 

support evidence-based policymaking for urban water 

resilience planning. As floods become more intense and 

frequent due to climate change, Indonesian cities are pressured 

to develop nature-based, decentralized water management 

solutions that are affordable, scalable, and contextually 

relevant [14]. MAR offers this potential, but only if 

implemented with a deep understanding of local hydrological 

and socio-environmental conditions. By blending field 

measurements, simulation tools, and low-cost engineering 

interventions, this study provides a model that can be 

replicated in other coastal cities facing similar water stress 

challenges [15]. 

The research also aligns with multiple targets of the United 

Nations Sustainable Development Goals (SDGs), including 

SDG 6 (Clean Water and Sanitation), SDG 11 (Sustainable 

Cities and Communities), and SDG 13 (Climate Action). By 

improving groundwater recharge and reducing the impacts of 

urban flooding, the application of MAR can enhance 

community resilience and safeguard urban ecosystems. 

In summary, this study makes a timely and significant 

contribution to Indonesia's urban water management 

discourse. It provides a technical solution to twin water 

crises—flooding and aquifer depletion—and demonstrates 

how locally grounded innovations in MAR can support long-

term environmental sustainability, disaster risk reduction, and 

public health.  

2. METHOD

2.1 Study area 

This research was conducted in the coastal floodplain of 

Indonesia, specifically within the Garang River Basin, with 

coordinates between 6°50'–7°10' S and 109°50'–110°35' E, as 

shown on Figure 1. The area is characterized by high rainfall 

intensity, shallow water tables, and rapid urbanization, all 

contributing to frequent flooding. 

Figure 1. Coastal area in geographical coordinates between 

6°50'–7°10' S and between 109°50'–110°35' E 

2.2 Equipment 

Several tools were utilized to ensure the quality of data 

collection and simulation: 

• Geoelectric Resistivity Meter (Schlumberger array):

Used to analyze subsurface profiles by inserting stainless steel 

current and copper potential electrodes at varying intervals. 

Two 400 m and two 60 m reels connected to a power source 

were used to inject and measure currents. 

• GPS (Garmin 76CSx): Employed to mark sample

coordinates with sub-meter accuracy. 

• Guelph Permeameter Type 2800: Used to determine

the soil’s hydraulic conductivity. The procedure involved 

boring a cylindrical hole using a hand drill, installing the 

permeameter tripod, and measuring steady-state infiltration 

rates. 

• Water Level Meter: Used to measure the groundwater

depth in existing observation wells manually. 
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• pH Meter & EDTA Titration Kit: Used for water 

quality testing during the MAR pretreatment process. 

 

2.3 Materials 

 

The materials used in this study for the pretreatment stage 

of MAR include a porous structured filter composed of zeolite 

and activated carbon derived from water hyacinth (Eichhornia 

crassipes) (Figure 2). Zeolite, a naturally occurring 

aluminosilicate mineral, was selected due to its high cation 

exchange capacity and ability to remove hardness-causing ions 

such as calcium and magnesium. Meanwhile, activated carbon 

synthesized from water hyacinth biomass was employed for its 

excellent adsorption properties, effectively reducing organic 

and inorganic contaminants in water. Combining these 

materials aims to enhance water quality before infiltration into 

the aquifer, ensuring improved pH regulation and hardness 

reduction. The zeolite used in this study was commercially 

available in granular form. At the same time, the activated 

carbon was prepared through a controlled pyrolysis process, 

followed by chemical activation to enhance its porosity and 

adsorption capacity. 

 

 
 

Figure 2. Porous structure used in MAR design 

 

2.4 Experimental procedure 

 

2.4.1 Site selection and subsurface profiling 

Vertical resistivity readings were taken across 5 sample 

points using Schlumberger array geoelectric methods. Spacing 

between electrodes was systematically increased to assess the 

depth to bedrock and water-bearing layers. GPS was used to 

georeference each point. 

 

2.4.2 Infiltration and soil permeability tests 

At each site, soil permeability was tested using the Guelph 

Permeameter: 

• A 5 cm radius hole was bored to a depth of 20 cm. 

• The device was set up, and the cylinder filled to a 

constant water head. 

• Infiltration rates were recorded every 5 minutes until 

steady-state. 

 

2.4.3 Rainfall and runoff modeling 

HEC-HMS 4.10 was used to model rainfall-runoff behavior. 

Steps included: 

•  Inputting rainfall intensity (from BMKG data, 2012–

2023), river basin hydrological data, which includes the basin 

area, land use, and other hydrological parameters, and DEM 

(Digital Elevation Model). These data were used to determine 

the morphology of the basin. 

• Creating a basin model with sub-basins and flow paths. At 

this stage, a Basin Model is created by defining the boundaries 

of the watershed, adding sub-basins, channels (reaches), 

reservoirs, and determining the outlet point as the location for 

calculating surface flow. The next stage is creating a 

hydrological HEC-HMS model [16]. Next are the sub-basins' 

characteristics, such as area, channel length, and other 

hydrological parameters [17]. 

• Defining soil infiltration rates and curve numbers (CN) 

from field data. 

• Running simulations for two scenarios: without MAR and 

with MAR. 

 

2.4.4 Construction and simulation of MAR wells 

Wells were modeled as vertical recharge shafts with 1.4 m 

diameter and 3 m depth, filled with coarse gravel and filter 

media. Infiltration rate calculations used: 

 

Q = (P - Ia)²/(P - Ia + S) (1) 

 

where, 

Q = runoff (mm), 

P = rainfall (mm), 

Ia = initial abstraction, 

S = potential maximum retention (related to CN value). 

Based on simulations, a minimum CN value of 41.93 was 

targeted to reduce flood runoff to acceptable levels. 
 

2.4.5 Water quality pretreatment testing 

To evaluate the effectiveness of the porous structured filter 

in the pretreatment stage of MAR, two key water quality 

parameters were analyzed: pH and water hardness. The pH 

analysis was conducted using a calibrated digital pH meter 

(following SNI 06-6989.11-2004), which measures the 

hydrogen ion concentration in water to assess its acidity or 

alkalinity. Meanwhile, water hardness was determined using 

the EDTA titration method (SNI 06-6989.12-2004), which 

quantifies the concentration of calcium and magnesium ions in 

the water sample. These analyses were performed at various 

contact times to observe the filtration efficiency. The results 

were then compared with the potable water standard set by 

SNI 05-6989.11-2019 to determine the suitability of the 

treated water for further use. 

The flowchart of the research can be seen in Figure 3. 
 

 
 

Figure 3. Research flowchart 
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3. RESULTS AND DISCUSSION

Daily rainfall data at the coastal area in geographical 

coordinates between 6°50'–7°10' S and between 109°50'–

110°35' E in Table 1. 

Table 1. Daily rainfall data (2012-2023) 

Number Year 
Duration of Rainfall (Minutes) 

5 10 15 30 60 120 

1 2 3 4 5 6 7 8 

1 2012 7.3 12 15 24.2 39 61 

2 2013 14.1 22 29 46.7 74 118 

3 2014 7.3 12 15 24.2 39 61 

4 2015 4.3 7 9 14.3 23 36 

5 2016 4.5 7 9 15 24 38 

6 2017 4.8 8 10 16.1 26 41 

7 2018 7.6 12 16 25.3 40 64 

8 2019 7.4 12 16 24.7 39 62 

9 2020 2.3 4 5 7.7 12 20 

10 2021 2.3 4 5 7.7 12 20 

11 2022 2.3 4 5 7.7 12 20 

12 2023 2 3 4 6.6 11 17 

Total 66.2 107 138 220.2 351 558 

Average x 5.5167 8.9167 11.5 18.35 29.25 46.5 

Deviation 
standard 

S 
3.4949 5.4349 7.1922 11.5672 18.3557 29.0282 

Skewnes Cs 1.3107 1.2084 1.2747 1.2981 1.2654 1.3258 

Kurtosis 
Coeff. 

Ck 
2.2587 1.8667 2.0626 2.219 2.1153 2.3204 

Varian 

Coeff. 
Cv 0.6335 0.6095 0.6254 0.6304 0.6275 0.6243 

The maximum runoff value is measured via Eq. (1) based 

on the processing of rainfall precipitation data.  

Using the Soil Conservation Service method, the equation 

calculates the runoff volume from a certain rainfall (SCS) [18]. 

In this formula, Q represents the runoff produced (mm). P is 

the total rainfall that occurs over time (mm). It is an early 

abstraction, which includes water held before runoff occurs, 

such as initial infiltration, absorption by vegetation, and 

evaporation. The value of Ia is often estimated as 20% of the 

maximum soil retention capacity, or Ia = 0.2S. S is the 

maximum soil retention capacity, indicating how much water 

can be absorbed by the soil before runoff occurs. The value of 

S is calculated based on the Curve Number (CN) associated 

with land use conditions, soil type, and hydrological 

characteristics [19]. The higher the S value, the greater the 

soil's capacity to retain water and the smaller the runoff 

produced. Based on the calculations, the maximum runoff 

(runoff during maximum precipitation) is 150.18 mm, while 

the minimum runoff (runoff during minimum precipitation) is 

61.306 mm. To anticipate the occurrence of flooding, 

modeling must be conducted until the infiltration value can be 

reduced to the minimum runoff point (to prevent flooding). To 

minimize the runoff value to 61.306 mm, an increase in soil 

infiltration is required to lower the CN value to 41.93. 

Therefore, this value becomes essential for simulations to 

simultaneously reduce the maximum runoff to a minimum 

from the initial maximum runoff. With a well diameter of 1.4 

m and a height of 3 m, it was obtained that the maximum 

infiltration value from one MAR well is 5.5596 × 10-3 m3/s. In 

addition, through observation and calculations, the CN (curve 

number) value for the Garang sub-basin was obtained, which 

is 68.44. The values obtained will influence the determination 

of how many MAR wells are needed to address flooding in the 

coastal area of Indonesia. 

3.1 Analysis of the groundwater level and soil structures 

Observations were conducted at the Garang watershed, 

Kaligawe, Semarang City, with coordinates (444050, 

9229599.980) and an elevation of 9 meters above sea level. 

Analysis indicates that the surface soil at this location consists 

of soil/clay, with the groundwater table detected at 3 meters 

from the surface. At a depth of 0 – 0.3 meters, the soil is 

dominated by surface cover. Further, the soil is predominantly 

clay at 0.3 – 5.5 meters, while a sandstone layer was identified 

at depths greater than 8.14 meters. The recorded soil 

permeability at this location is 2.00364 cm/hour, meeting the 

minimum requirements based on SNI 03-2453-2002 

standards. According to SNI 03-2453-2002, a recharge area 

must meet several parameters.  

1) Groundwater table depth of at least 1.5 meters

during the rainy season or 3 meters, according to

SNI 03-2453-1991. In this study, the groundwater

table depth is 3 meters, thus meeting the

requirement.

2) Soil permeability of at least 2 cm/hour to allow

adequate infiltration. The measured permeability

at this location is 2.00364 cm/hour, meeting the

minimum standard set by SNI.

3) Land slope of no more than 30% to ensure

adequate water absorption without excessive

surface runoff. The Kaligawe area is a coastal

region with a relatively flat topography, resulting

in low land slopes strongly supporting water

infiltration.

Considering these factors, the research location at Kaligawe 

is suitable for use as a rainwater recharge area. The sufficiently 

deep groundwater table, permeability that meets standards, 

and flat land slope make this site highly potential for recharge 

system implementation. Although clay dominates up to a 

depth of 5.5 meters, the underlying sandstone layer can serve 

as a supporting infiltration medium. Additionally, the 

application of artificial recharge technology or soil structure 

modification can further enhance the effectiveness of the 

recharge system at this location. Therefore, this site meets the 

criteria and holds great potential for sustainable rainwater 

management. 

3.2 Determination of recharge well dimensions 

The required depth of the vertical recharge well can be 

determined using the following equation: 

H =
𝑄

𝐹𝐾
(1 − 𝑒

−
𝐹𝐾𝑇
𝜋𝑅2) (2) 

where, 

H = Depth of the recharge well (m) 

Q = Rainwater runoff volume (m³) 

F = Infiltration factor 

K = Soil permeability (m/h) 

T = Time period (h) 

R = Well radius (m) 

The depth of the recharge well is influenced by the roof area 

(m²), which determines the volume of collected rainwater. The 

results of the calculations are shown in Figure 4 below. 
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Figure 4. Depth and head area of MAR (radius = 0.4 m) 

 

Figure 4 illustrates the relationship between roof area and 

required recharge well depth for a well radius of 0.4 m in the 

Garang watershed. As the roof area increases, the required 

well depth also increases. These results indicate that larger 

roof areas contribute to higher rainwater collection, 

necessitating deeper recharge wells to accommodate the 

increased volume. Factors such as soil permeability, 

infiltration rate, and available space must also be considered 

to optimize well performance. The chosen well dimensions 

should ensure effective water absorption while remaining 

practical for site conditions. 

 

3.2 HEC-HMS (Hydrologic Engineering Center’s 

Hydrologic Modeling System) 

 

Based on Figure 5 and Figure 6, the blue blocks represent 

the total precipitation value (the amount of rain that falls in the 

coastal area of Indonesia), the red blocks indicate the amount 

of loss (the amount of water that does not turn into runoff), and 

the blue line shows the amount of flood runoff resulting from 

the precipitation runoff. The X-axis represents the time 

variable, and the Y-axis represents the runoff flow rate [20]. 

Based on the two simulation images, the cumulative rainfall 

during the observation period reached approximately 60 mm. 

This rainfall resulted in the formation of runoff in the analyzed 

catchment area. However, a significant difference is observed 

between the runoff generated from the initial conditions 

without the application of MAR and the final conditions after 

the implementation of MAR. In the initial conditions without 

MAR, the peak runoff reached a value of approximately 250 

m³/s (cubic meter per second or cms). However, after the 

implementation of MAR, there was a significant decrease in 

runoff. In the final condition with the addition of MAR, the 

peak runoff value decreased to around 200 m³/s. This decrease 

indicates that MAR can reduce the runoff volume during the 

rainy period. The effectiveness of MAR in reducing runoff can 

be explained by its function in enhancing the capacity of water 

infiltration into the soil, so that rainwater that would normally 

flow directly on the surface is primarily absorbed into the 

ground [21]. This decreases peak runoff discharge and 

potentially reduces the risk of flooding during heavy rainfall. 

In addition, this reduction in runoff indicates that MAR can 

contribute to better water resource management by utilizing 

rainwater to recharge groundwater while reducing surface 

runoff load. In theory, MAR enhances rainwater infiltration 

through recharge wells or artificial reservoirs that collect 

rainwater before channeling it back into the soil layers. MAR 

effectively increases groundwater storage while reducing 

flood risk, particularly in areas prone to surface runoff. 

Furthermore, the Soil-Water Balance Model theory explains 

that increasing infiltration capacity can enhance water 

retention in the soil, reducing surface flow and decreasing 

runoff [6]. This principle describes how MAR can retain and 

absorb most falling rainfall, reducing runoff. Overall, these 

results affirm that implementing MAR in watershed areas can 

effectively reduce runoff volume, mitigate flood risks, and 

support more sustainable water management. The application 

of MAR is beneficial in hydrological aspects and essential in 

maintaining ecosystem balance and conserving water 

resources in densely populated urban areas. 

 

 
 

Figure 5. Flood runoff without MAR 

 

 
 

Figure 6. Flood runoff with MAR 

 

3.3 The effect of reducing flood runoff 

 

Based on the simulation results, there was a decrease in 

maximum flood discharge after the implementation of MAR. 

The maximum flood discharge, which initially reached 256.3 

m³/s under baseline conditions, was successfully reduced to 

206.2 m³/s in the final conditions. This decrease indicates that 

MAR can effectively mitigate the hydrological burden caused 

by heavy rainfall. The reduction in maximum flood discharge 

suggests that the MAR system enhances the soil's ability to 

absorb and retain water, thereby significantly reducing surface 

runoff during rainfall events [21]. The shift in peak discharge 

timing indicates that MAR reduces runoff volume and delays 

the flow of runoff into rivers or drainage systems. This 

phenomenon suggests an increase in the soil's water retention 

capacity through the MAR system, which slows down the 

hydrological response to rainfall, thereby providing additional 

time for water absorption by the soil [22]. The Storage-Delay 

Function theory explains the decrease in maximum flood 
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discharge and the shift in the peak runoff time. According to 

this theory, the increase in infiltration capacity of the soil due 

to the application of MAR can delay surface runoff, reducing 

the risk of peak flooding [14]. In addition, in the context of 

hydrology, the application of MAR effectively reduces the 

volume of water that immediately flows into drainage 

channels, providing a longer retention effect for rainwater 

before it is finally released into the river. This aligns with 

findings that explain that the MAR system functions like a 

buffer, which can reduce surface flow rates and decrease the 

risk of flash floods [10]. This result further strengthens the 

potential of MAR as a strategic solution for flood control, 

especially in urban areas prone to rapid runoff and 

waterlogging. The optimal application of MAR can assist in 

more integrated and sustainable water resource management 

and provide long-term benefits in reducing the risk of flood 

disasters due to intense rainfall. 

 

3.4 Effectiveness of porous structured filter as MAR 

pretreatment 

 

Implementing MAR requires an effective pretreatment 

process to improve water quality before infiltration. This study 

utilized a porous structured filter composed of zeolite and 

activated carbon derived from water hyacinth to enhance water 

quality parameters, particularly pH and hardness. The 

effectiveness of this filtration system was evaluated based on 

contact time, with results presented in Figure 7. 

 

 
 

Figure 7. Result of contact time influence on water hardness 

 

Figure 7 illustrates the influence of contact time on water 

pH. Initially, the pH of the raw water was recorded at 5, which 

is below the potable water standard set by SNI 05-6989.11-

2019 (6.5–8.5). The pH gradually improved as the contact time 

increased, reaching 6.8 after 120 minutes. This trend indicates 

the ability of the porous filter media to neutralize acidity, 

likely due to the presence of zeolite, which facilitates ion 

exchange, and activated carbon, which enhances adsorption of 

acidic contaminants. Recent studies have demonstrated that 

zeolite can effectively increase pH levels by reducing 

hydrogen ion concentration through ion exchange mechanisms 

[23]. 

Similarly, the effect of contact time on water hardness is 

depicted in Figure 7. The initial water hardness was 550 ppm, 

exceeding the maximum permissible limit of 500 mg/L 

according to SNI 05-6989.11-2019. However, hardness levels 

steadily decreased as the filtration time progressed, reaching 

219 ppm after 120 minutes. The reduction in hardness can be 

attributed to the cation exchange properties of zeolite, which 

effectively removes calcium and magnesium ions from water. 

Studies have shown that natural zeolite can achieve up to a 

93.07% reduction in total hardness under optimal conditions 

[24]. Additionally, activated carbon reduces hardness by 

adsorbing organic and inorganic impurities that may complex 

with hardness ions [25]. 

The results indicate that the porous structured filter 

significantly enhances water quality by increasing pH and 

reducing hardness. Combining zeolite and activated carbon 

from water hyacinth is an effective and sustainable approach 

for MAR pretreatment. These findings support the feasibility 

of implementing this filtration system in managed recharge 

applications to ensure compliance with potable water 

standards. 

 

3.5 Discussion 

 

The findings from this study affirm the dual effectiveness 

of MAR systems in enhancing groundwater recharge and 

reducing urban flood risks in coastal zones. The significant 

improvement in infiltration rates following the 

implementation of MAR wells aligns with previous studies 

conducted in arid and semi-arid environments, such as those 

by Ahmed and El-Rawy [7] and Shamrukh and Al-Muraikhi 

[5], which demonstrated that properly designed recharge wells 

can reduce surface runoff and support aquifer replenishment. 

However, this study extends those findings by validating the 

MAR approach in a humid tropical context, which presents 

distinct hydrological challenges such as higher rainfall 

intensity and lower soil permeability due to saturation. 

Unlike studies in dry climates where infiltration occurs 

under unsaturated conditions, the MAR simulations here 

accounted for saturated soils and frequent storm events typical 

of coastal Indonesia. These results corroborate and expand 

upon Jadav and Yadav [9], who emphasized matching MAR 

design to local hydrogeological and rainfall conditions. HEC-

HMS simulation further enabled dynamic modeling of 

rainfall-runoff behavior, confirming the projected reduction in 

surface runoff volumes under various scenarios. The 

effectiveness of this hydrological modeling is supported by the 

relatively high Nash-Sutcliffe Efficiency (NSE) and low 

RMSE values, indicating good agreement between simulated 

and observed infiltration data. 

Moreover, the filtration results show a marked improvement 

in water quality post-treatment using local filter materials, 

particularly regarding pH stabilization and hardness reduction. 

This supports findings by Basel et al. [13] and Seif et al. [10], 

who noted that MAR systems with integrated filtration can 

provide co-benefits for water purification. The novelty of this 

study lies in utilizing locally available materials—zeolite and 

biochar from water hyacinth- that are cost-effective, 

sustainable, and tailored to local environmental conditions. 

This approach addresses key challenges outlined in the 

literature regarding the cost and sustainability of MAR 

pretreatment systems. 

However, the study has several limitations. First, field 

testing was conducted on a limited spatial and temporal scale, 

and the long-term performance of MAR wells in tropical zones 

remains uncertain. Second, the study assumes uniform 

infiltration characteristics across modeled sub-basins, whereas 
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actual variability may be greater due to microtopography or 

land use practices. Third, socioeconomic aspects—such as 

community acceptance, maintenance responsibility, and 

institutional support for MAR—were not evaluated but are 

critical for the long-term sustainability of MAR interventions. 

Future studies should therefore include longitudinal 

monitoring, broader spatial validation, and participatory 

assessments to evaluate MAR systems' social and institutional 

viability. Moreover, integrating MAR design with urban 

drainage master plans and land use zoning could help scale its 

adoption in flood-prone cities. 

This study contributes to MAR science by validating its 

dual benefits in a coastal tropical context, demonstrating the 

utility of locally derived filtration media, and employing 

integrated modeling for performance evaluation. The results 

support both practical implementation and policy formulation 

for water security in urbanizing regions of the Global South. 

4. CONCLUSION

This study demonstrates the effectiveness of MAR as an 

integrated solution for addressing both groundwater depletion 

and urban flooding in coastal Indonesian settings. The research 

confirms MAR's dual benefits by applying HEC-HMS 

hydrological modeling, field-based infiltration analysis, and a 

novel locally sourced pretreatment filter using zeolite and 

water hyacinth-derived activated carbon. 

The key contributions include: (1) a validated method for 

designing MAR systems that are hydrologically suited to 

tropical urban areas; (2) the introduction of cost-effective, eco-

friendly pretreatment materials; and (3) the demonstration of 

MAR’s potential to reduce flood volumes under various 

rainfall scenarios. 

From a management perspective, the findings offer practical 

guidelines for integrating MAR into urban drainage strategies, 

especially in data-scarce regions. While limitations exist—

such as spatial constraints and a lack of long-term 

monitoring—the approach provides a scalable model for 

enhancing water resilience in other vulnerable urban deltas. 

Future applications should incorporate participatory 

planning and institutional coordination to ensure the 

sustainability and governance of MAR infrastructure within 

Indonesia’s broader urban water policy framework. 
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