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Abstract. Lombok Island, covering 4,672 km² with a population of about 
three million, is a popular tourist destination yet highly vulnerable to 
environmental degradation driven by rapid tourism and settlement 
expansion. This study investigates the impact of land use change on 
hydrological response using the SWAT model. Land use dynamics were 
analyzed through satellite image classification, revealing that most urban 
growth in Mataram City has replaced paddy fields, while in upstream areas 
it has encroached on plantations and agricultural land. Model calibration and 
validation achieved Nash–Sutcliffe Efficiency (NSE) values of 0.66 and 
0.55, respectively, indicating acceptable performance. The simulation 
results from 1995 to 2017 show significant hydrological alterations: surface 
runoff increased by 33.1 mm/year, while base flow and deep aquifer 
recharge declined by 12.3 mm/year and 12.5 mm/year, respectively. These 
findings highlight the adverse effects of urban expansion on the island’s 
water resources, emphasizing the need for sustainable land use planning to 
balance development and environmental protection. 

1 Introduction 
Lombok Island, covering an area of 4,672 km² with a population of approximately three 
million people (a density exceeding 600 people per km²), is geographically located between 
115º45'–116º40' E and 8º10'–9º10' S. The island is often described as small, beautiful, and 
full of charm. However, Lombok is also considered environmentally unstable and highly 
vulnerable to degradation. This condition is primarily attributed to: (1) limited land area to 
accommodate population growth, (2) restricted water resource availability, (3) high 
susceptibility to natural disasters such as volcanic eruptions, earthquakes, sea waves, floods, 
droughts, and landslides, and (4) low natural resource carrying capacity. Moreover, the island 
faces increasing scarcity and degradation of biological resources, particularly forests, along 
with limited water availability, erosion, soil degradation, sedimentation, coastal abrasion, and 
coral reef damage. 
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The increase in critical land has led to the loss of the land’s function as a medium for 
regulating water management. Forest degradation on Lombok Island has further disrupted 
water sources, causing a decline in spring discharge. This reduction is largely due to the 
shrinking of protected areas resulting from illegal logging and land conversion, which in turn 
has accelerated land degradation and reduced the quality of water catchment areas. Over the 
past two decades, several forest areas in the upstream region of the Jongkok–Meninring–
Babar (JMB) watershed have been converted into mixed gardens. This land use change has 
increased both the runoff coefficient and erosion rates in the area. Consequently, these 
disturbances have affected river flow conditions. Flow duration curve analysis at the Aik 
Nyet river gauge revealed a decline in dependable flow at 50%, 80%, and 90% reliability 
levels. In 2008, the 50% dependable discharge of the Aik Nyet River was 1.36 m³/s, 
decreasing to 0.61 m³/s in 2010 and further to 0.51 m³/s in 2012. 

Numerous studies have combined land use change analysis with the SWAT hydrological 
model. Remote sensing technology is widely applied to generate time-series land use data, 
which serve as inputs for hydrological models to assess the impacts of land use dynamics on 
hydrological responses [1-3]. The SWAT model has also been used to evaluate the effects of 
land use change on groundwater, particularly in regions where water resources are utilized 
for multiple purposes, as land transformation influences groundwater contribution to 
streamflow [4]. In this study, the SWAT model is employed to analyze the impacts of land 
use change on surface runoff, base flow, and groundwater recharge by comparing these 
parameters across different land use conditions. 

2 Methods 

2.1 Study Area 

The study was conducted in the watersheds of rivers flowing through Mataram City, namely 
the Jongkok, Meninring, and Babar Rivers, collectively referred to as the JMB watershed. 
The total area of the study site covers approximately 604.7 km². These rivers originate from 
Mount Rinjani, which rises to 2,663 meters above sea level. Geographically, the research 
area is situated between 116°4'7.6"–116°24'8.1" E and 8°24'32.6"–8°38'4.9" S, and 
administratively lies within Mataram City and East Lombok Regency, West Nusa Tenggara 
Province. Fig. 1 presents the location of the study area on Lombok Island. 

Lombok Island experiences a moderate rainfall regime, ranging from 2,000 to 2,500 mm 
per year, with an average annual rainfall of approximately 2,200 mm. The island’s rainfall 
pattern is classified as monsoonal, characterized by one peak and one trough in rainfall 
intensity. The highest average monthly rainfall occurs in December, reaching 326.5 mm, 
while the lowest occurs in July, with only 40.66 mm. The island’s average temperature is 
27.14°C, with a relative humidity of 81.76%, average evaporation of 4.3 mm per day, and 
solar irradiation of 67.58%. 

2.2 Model Description 

SWAT integrates several earlier hydrological and environmental models, including the 
Simulator for Water Resources in Rural Basins (SWRRB), the Chemical, Runoff, and 
Erosion from Agricultural Management Systems (CREAMS), the Groundwater Loading 
Effects of Agricultural Management Systems (GLEAMS), and the Erosion–Productivity 
Impact Calculator (EPIC). The SWAT model simulates watershed processes based on the 
principle of water balance [5]. In all hydrological analyses, SWAT employs this water 
balance as the foundation for modeling. The model represents both land and water phases 
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through components of the hydrological cycle, including precipitation, evaporation, 
transpiration, infiltration, percolation, surface runoff, subsurface flow, groundwater flow 
(return flow), and streamflow. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 1. Study area of Jongkok, Meninring, and Babar (JMB) Watershed and Mataram City 

To quantitatively simulate watershed hydrological processes, SWAT applies the water 
balance principle as the basis for its calculations. This water balance can be expressed 
mathematically as: 
𝑆𝑆𝑆𝑆𝑖𝑖 = 𝑆𝑆𝑆𝑆0 + ∑ (𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆− 𝐸𝐸𝑎𝑎 − 𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑄𝑄𝑔𝑔𝑔𝑔)

𝑡𝑡
𝑖𝑖=1       (1) 

where 𝑆𝑆𝑊𝑊𝑖𝑖is the final soil water content on day i (mm H₂O); 𝑆𝑆𝑊𝑊0is the initial soil water 
content on day i; 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑is the rainfall amount on day i; 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠is the surface runoff on day i; 𝐸𝐸𝑎𝑎is 
the evapotranspiration on day i; 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠represents the amount of water percolating into the 
unsaturated zone of the soil profile on day i; and 𝑄𝑄𝑔𝑔𝑔𝑔is the groundwater flow on day i. 

Since surface runoff occurs when precipitation exceeds the infiltration capacity of the 
soil, SWAT offers two alternative methods for estimating surface flow: the Soil Conservation 
Service Curve Number (SCS-CN) method and the Green–Ampt infiltration method. The 
volume of surface runoff and the peak flow rate for each Hydrological Response Unit (HRU) 
in SWAT are simulated using the following equation: 

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  (𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑−𝐼𝐼𝑎𝑎)2

(𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑−𝐼𝐼𝑎𝑎+𝑆𝑆)       (2) 

where 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠is the accumulated surface runoff or excess rainfall (mm H₂O); 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑is the 
daily precipitation (mm H₂O); 𝐼𝐼𝑎𝑎represents the initial abstraction, including surface storage, 
interception, and infiltration prior to runoff (mm H₂O); and 𝑆𝑆is the retention parameter (mm 
H₂O). Further details on the water balance equations can be found in the SWAT Theoretical 
Documentation [5]. 

Model performance was evaluated through calibration and validation using statistical 
criteria, namely the Coefficient of Determination (𝑅𝑅2) and the Nash–Sutcliffe Efficiency 
(NSE). The NSE value represents the predictive capability of the model [6], where an NSE 
of 1 indicates a perfect fit between observed and simulated data, while values greater than 
0.5 are generally considered satisfactory [7]. 

Lombok Island 
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2.3 Dataset and Model Set Up 

The SWAT hydrological model utilizes both spatial and tabular data as inputs. To define 
watershed characteristics, a digital elevation model (DEM) with an 8 m spatial resolution was 
used. Watershed delineation was performed automatically through the Automatic Watershed 
Delineation (AWD) process in SWAT, applying a 1,000 ha threshold to establish sub-
watershed boundaries. Subsequently, Hydrological Response Units (HRUs) were determined 
based on land use and soil maps. The land use map was derived from the interpretation of 
Landsat 8 OLI imagery from 2013, which classified the area into nine land use categories. 
The soil map was obtained from the FAO Global Soil Database, accessible via 
http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/. The datasets used for 
land use change analysis and SWAT hydrological modeling are presented in Table 1, while 
Fig. 2 illustrates the resulting HRU delineation. 

Table 1. The Summary of data requirements. 

No Data Data format Source 

1 Digital elevation model 
(DEM) 

Grid (cell size 
80 x 8 m) DEMNAS of Indonesian Spatial Agency 

2 Soil map scale 
1:1000.000 Vector (.shp) Global Soil Data, FAO 

3 Meteorological data 
(2007-2011) Table (text) Meteorological, Climatological and 

Geophysical Agency 

4 Landsat-8 OLI (2013) Raster USGS 

5 SPOT 7 Image (2017) Raster Nation Institutes of Aeronautics and Space 
of Indonesia (LAPAN) 

6 Land use Map (1995) Vector Indonesian Geospatial Information Agency 

7 Daily discharge (2007-
2011) 

Table (.dbf and 
txt) Ministry of Public Work and Housing 

 

 

 

(a) (b) 

(c) (d) 
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Fig. 2. Result of HRU’s Definition on JMB Watershed: (a) sub-catchment map; (b) slope map; (c) 
soil map; and (d) land use map 

2.4 Analysis of Land Use Change and Its Impact on Hydrological Response 

Land use change analysis was conducted using classified imagery from Landsat 8 OLI and 
SPOT 7 satellites. The land use classes applied in the classification process were based on 
maps published by the Geospatial Information Agency (BIG) at a 1:25,000 scale. The 
identified classes include built-up areas, bush, dry agriculture, forest, paddy field, open area, 
plantation, settlement, and water body. Supervised classification was performed using the 
ERMapper 6.0 software. Training sample points were derived from Google Earth imagery, 
with a portion of the data used for training and the remainder for validation. Classification 
accuracy was assessed using the Kappa index following the criteria of Landis and Koch [8], 
as presented in Table 2. 

Table 2. The Summary of data requirements. 

Kappa indeks (%) Criteria 

≤20 Slight Agreement 

21-40 Fair Agreement 

41-60 Moderate Agreement 

61-80 Substantial Agreement 

81-100 Almost Perfect Agreement 

     Source: [8] 
The 2013 land use map was used as the baseline input for hydrological model calibration 

and validation, corresponding to the availability of streamflow and rainfall data from 2007 to 
2011. Once the model achieved satisfactory performance based on the evaluation criteria 
proposed by Moriasi et al. [7], simulations were conducted using land use data from 1995 
and 2017. The hydrological parameters compared in this analysis include surface runoff, base 
flow, interflow, and deep aquifer recharge, using daily rainfall data from 2010 as input. 

The SWAT model simulation for groundwater level estimation utilized CHIRPS rainfall 
data that were bias-corrected using local rainfall observations. The use of CHIRPS data in 
hydrological modeling has been widely adopted and has demonstrated satisfactory 
performance in previous studies (e.g. [4,5]). 

3 Results 

3.1 Land Use Change Analysis and Validation Process 

The land use classification using the supervised classification method on 2017 SPOT satellite 
imagery achieved a validation accuracy of 91.13%. This value meets the Kappa Index criteria 
for almost perfect agreement, indicating that the classification results are reliable. Therefore, 
the 2017 land use map was used in the SWAT model simulation to analyze the impacts of 
land use change on hydrological and hydrogeological responses. 

The classification results from SPOT imagery, Landsat imagery, and 1995 land use maps 
were analyzed and compared to determine the rate of land use change across the three time 
periods. Forest cover remains the dominant land use type and has shown relative stability, 
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particularly in the northern part of the study area, which includes the mountainous region 
extending from Mt. Rinjani to Mt. Sari. The spatial distribution of land use within the JMB 
watershed for 1995, 2013, and 2017 is presented in Fig. 3. The percentage of forest cover in 
those years was 43.85%, 43.79%, and 43.76%, respectively. According to Forestry Law No. 
41/1999, this proportion exceeds the minimum requirement of 30% forest cover for a 
watershed or island area, indicating that the JMB watershed remains within the “healthy” 
watershed category. In contrast, paddy field areas show a consistent decline, decreasing from 
22.63% in 1995 to 20.38% in 2013 and 19.94% in 2017. 

The expansion of settlement areas from 1995 to 2017 reached 1,996.9 ha. The results of 
land use change analysis using the cross-tabulation method indicate that paddy fields were 
predominantly converted into residential and commercial areas, particularly within Mataram 
City. In the upstream regions, which are primarily rural, the increase in settlement areas is 
mainly attributed to the conversion of plantations and dryland agricultural land. These 
findings are consistent with those of Sushanti et al. [10], who reported that paddy field 
conversion in Mataram City reached 14% between 2010 and 2017. Table 3 presents the area 
and changes for each land use category across the analyzed years. 

 

 
Fig. 3. Spatial Distribution of Land Use in the Jongkok Watershed in 1995, 2013, and 2017 

Table 3. Landuse change in Jongkok Watershed (2002, 2011, and 2017). 

Landuse classes 
LU 1995 LU 2013 LU 2017 

Area (ha) % Area (ha) % Area (ha) % 

Building 11.1 0.02 37.5 0.06 42.0 0.07 

Bush 3009.1 4.98 3008.8 4.98 3012.2 4.98 

Dry Agriculture 1782.9 2.95 1909.5 3.16 1890.0 3.13 

Forest 26519.5 43.85 26478.4 43.79 26461.2 43.76 
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Paddy field 13683.1 22.63 12325.5 20.38 12057.0 19.94 

Open area 401.8 0.66 423.4 0.70 457.4 0.76 

Plantation 11354.2 18.78 11044.8 18.26 10842.6 17.93 

Settlement 3588.7 5.93 5120.8 8.47 5585.6 9.24 

Water body 121.5 0.20 123.2 0.20 123.9 0.20 

Total Area 60471.9 100.00 60471.9 100.00 60471.9 100.00 

Validation is an essential step in model evaluation, aimed at verifying that the developed 
model can reliably predict hydrological conditions across most parts of the JMB watershed 
and assessing the level of uncertainty in its predictions. The calibration process was 
conducted from January 1, 2007, to December 31, 2010, while validation was performed by 
comparing observed and simulated daily discharge data for the period of January 1, 2007, to 
December 31, 2011. The statistical performance of the model, evaluated using the Coefficient 
of Determination (R²) and Nash–Sutcliffe Efficiency (NSE), yielded values of 0.61 and 0.57 
for the Bugbug and Aik Nyet stations, respectively. These results, summarized in Table 4, 
indicate that the SWAT model performance meets the satisfactory criteria (0.50 < NSE < 
0.65). The graphical results of the SWAT model validation are presented in Fig. 4. 

 

 
Fig. 4. Comparison between observed and simulated daily streamflow discharge at the Bugbug (a) 
and Aik Nyet (b) stations. 

Table 4. Daily calibration and validation statistics of SWAT model in the JMB watershed. 

River Gauge 
R2 NSE 

Calibration Validation Calibration Validation 

Bugbug 0.71 0.68 0.61 0.57 

Aik Nyet 0.67 0.63 0.55 0.53 
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The calibration process generated a combination of parameter values related to 
streamflow and groundwater level fluctuations. A total of 13 parameters were adjusted to 
meet the validation criteria of the model. These calibrated parameter values were 
subsequently applied in simulations using different land-use inputs to analyze the 
hydrological and hydrogeological responses to land-use changes. During calibration, the 
most sensitive parameter affecting streamflow was CN2, while RCHG_DP showed the 
highest sensitivity to groundwater level fluctuations. The deep groundwater percolation 
fraction (RCHG_DP) represents the proportion of percolation from the root zone that 
contributes to deep groundwater recharge. The initial value of RCHG_DP was set to 0.05, 
and calibration results indicated a range between 0.1 and 0.5, depending on lithological 
conditions. The final parameter values obtained from the calibration process are presented in 
Table 5. 
Table 5. List of sensitive parameters, their optimized values, and calibration ranges used in the final 

model adjustment. 

No Parameter and 
qualifier 

Description 
File 

name 
Fitted 
value 

Calibration 
range 

Min 
value 

Max 
value 

1 r_CN2 SCS-CN for moisture 
condition II .mgt 0.7 0.4 0.8 

2 v_ALPHA_BF Baseflow alpha factor 
(1/days) .gw 0.5 0 1 

3 v_GW_DELAY Groundwater delay time 
(days) .gw 5 3 21 

4 v_GWQMN 

Threshold depth of water in 
the shallow aquifer required 
for return flow to occur (mm 
H2O) 

.gw 0.33 0 2 

5 v_GW_REVAP Groundwater revap coefficient .gw 0.2 0 0.2 

6 v_ESCO Soil evaporation 
compensation factor .hru 0.85 0.8 1 

7 v_CH_N2 Manning’s “n” value for the 
main channel .rte 0.23 0 0.3 

8 v_CH_K2 
Effective hydraulic 
conductivity in main channel 
alluvium (mm/h) 

.rte 57.8 5 130 

9 v_ALPHA_BNK Base flow alpha factor for 
bank storage (days) .rte 0.51 0 1 

10 r_SOL_AWC Soil available water storage  .sol -0.1 -0.2 0.4 

11 r_SOL_K Soil hydraulic conductivity .sol 0.53 -0.8 0.8 

12 r_SOL_BD Soil bulk density .sol 0.42 -0.5 0.6 

13 RCHRG_DP Deep Aquifer recharge  .gw 0.5 0.1 0.5 

3.2 Impact of Land Use Change on Hydrological Response 

Land use changes in a watershed can be observed from hydrological aspects, as they directly 
influence land characteristics. In the JMB watershed, these changes affect hydrological 
responses, as indicated by an increase in surface runoff and a decrease in base flow across 
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different land use periods. Since 1995, surface runoff values have increased from 132.5 
mm/year to 157.4 mm/year and 165.6 mm/year, while base flow values have declined from 
489.8 mm/year to 480.6 mm/year and 477.5 mm/year. Overall, from 1995 to 2017, changes 
in hydrological response reached +33.1 mm/year for surface runoff and –12.3 mm/year for 
base flow. Table 6 presents the SWAT model simulation results for land use in 1995, 2013, 
and 2017. These trends occur because land use conditions have reduced the soil’s ability to 
absorb water, resulting in a larger proportion of rainfall contributing to runoff. This is 
consistent with the reduction of catchment areas, where a significant portion of agricultural 
land—both paddy fields and plantations—has been converted into settlements. 

Table 6. Hydrological model simulation results under different land use conditions 

Hydrological 
Parameter 

LU 1995 LU 2013 LU 2017 

Annual 
(mm/years) % Annual 

(mm/years) % Annual 
(mm/years) % 

Surface runoff 132.5 5.27 157.4 6.26 165.6 6.59 

Base flow 489.8 19.50 480.6 19.13 477.5 19.01 

Interflow 586.7 23.35 582.9 23.20 581.9 23.16 

Recharge to deep 
Aquifer 499.4 19.88 490.0 19.51 486.9 19.38 

Evaporation and 
transpiration 644.4 25.65 635.8 25.31 644.2 25.64 

Flow out of 
watershed 159.4 6.34 165.5 6.59 156.0 6.21 

Average Curve 
Number 43.7   44.6   45.0   

Land use change has also disrupted the percolation process into deep groundwater, as 
indicated by the decline in deep aquifer recharge. In 1995, the recharge value was 499.4 
mm/year, which decreased to 490 mm/year in 2013 and 486.9 mm/year in 2017. The spatial 
distribution of deep aquifer recharge in the JMB watershed is shown in Fig. 5. Areas with 
high groundwater infiltration are predominantly located in the southern region, while 
significant decreases in deep aquifer recharge are observed in Mataram City—an area that 
has experienced extensive land conversion from paddy fields to settlements. The regions with 
recharge rates between 500–750 mm/year and 750–1000 mm/year show the greatest 
reduction, whereas areas with lower recharge rates (250–500 mm/year) have expanded. Fig. 
6 illustrates the changes in deep aquifer recharge classes across the JMB watershed. 
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Fig. 5. Deep aquifer recharge under different land use map scenarios: (a) 1995, (b) 2013, and (c) 
2017. 

 
Fig. 6. Deep aquifer recharge areas in the Jongkok Watershed based on land use in 1995, 2013, and 
2017. 

4 Discussion 
The SWAT hydrological model developed for the JMB watershed demonstrates satisfactory 
performance (0.50 < NSE < 0.65) based on Moriasi et al. [7], with an average NSE value of 
0.55 across two river stations. This value is higher than that obtained in SWAT modeling for 
the Dodokan watershed [11]. Algorithm development based on the DRAINMOD theory also 
produced lower results than the validation values of flow rates observed at PT PLN well 
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stations near the coastline. In watershed studies, runoff is typically a primary focus, and 
SWAT has been widely evaluated across various regions, showing good performance in 
predicting both surface and subsurface runoff [12]. However, the development of 
groundwater level simulations requires more detailed information on soil profiles and 
lithological characteristics, as well as initial groundwater level values as the basis for 
computation. The lower validation values observed may also be attributed to earthquake 
events that altered subsurface conditions at groundwater monitoring sites, as well as the 
exclusion of tidal influences from the groundwater level calculation algorithm. 

Land use change in the JMB watershed generally involves the conversion of agricultural 
land—particularly paddy fields and plantations—into settlements. This transformation has 
altered hydrological parameters, leading to increased surface runoff and reduced recharge to 
both shallow and deep groundwater. In SWAT hydrological modeling, such changes increase 
the Curve Number (CN) value, which consequently raises surface runoff [13-15]. Although 
the extent of land use change is not as significant as that observed in Java Island, particularly 
in the Jakarta region, the hydrogeological characteristics of the JMB watershed—dominated 
by porous formations—have caused a substantial reduction in groundwater recharge to both 
shallow and deep aquifers. 

The spatial distribution of deep aquifer recharge areas indicates a decline in recharge 
classes of 500–750 mm/year and 750–1000 mm/year, with many areas shifting to a lower 
recharge capacity of 250–500 mm/year. These reductions are primarily observed in Mataram 
City and along riverbanks. In contrast, the upstream regions show no significant decline, as 
these areas remain protected within the Mt. Rinjani National Park and surrounding forest 
zones. The lowest recharge class (DA_RCHG 0–250 mm/year) remains relatively constant 
and is mainly located in the northern part of the study area. 

5 Conclusion 
The SWAT model developed for the Jongkok–Meninring–Babar (JMB) watershed 
performed satisfactorily, with NSE values ranging from 0.53 to 0.61, indicating reliable 
simulation of hydrological processes. Land use analysis from 1995 to 2017 revealed a 
significant conversion of paddy fields and plantations into settlements, especially in Mataram 
City, while forest cover remained relatively stable at about 43% of the watershed area. These 
changes have increased surface runoff and reduced baseflow and aquifer recharge, indicating 
a decline in the watershed’s hydrological regulation capacity. The results highlight the need 
for improved land management and groundwater conservation strategies to maintain water 
availability and reduce hydrological risks under ongoing urban expansion. 
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