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Abstract: Climate change has been affecting agricultural water resources dynamics spatially and
temporally. This article presents analysis results of climate change impact on agricultural water
availability in Cimanuk Watershed, Indonesia. STREAM was utilized to model agricultural water
availability through FAO MOSAICC web application. Climate spatial data time-series were generated
using 3 Global Climate Model (GCM), i.e.,: CanESM2, CNRM-CM5, and MPI-ESM-MR following
two climate change scenarios of RCP4.5 and 8.5. Model inputs were split into three periods of
1981–2010 (historical), 2010–2039 (near-future), and 2040–2069 (far-future). Historical data model
validation showed the efficiency coefficient of the observed and simulated discharge data ratio was
0.68. The results showed a decreasing volumetric water availability from all generated climate data
and scenarios, identified by comparing the discharge normal distribution of the historical and future
data periods. Whereas, trend analysis of RCP4.5 scenario showed increasing maximum discharge of
Cimanuk river using CanESM2 and MPI-ESM-MR GCM’s data, with a Mann–Kendall coefficient of
3.23 and 3.57. These results indicate a different agricultural water balance status within the watershed
area, particularly a “very critical” water balance in Indramayu and Majalengka, “critical” in Garut,
and “close to critical” in Sumedang Regency.

Keywords: climate change; GCM; RCPs4.5; stream model; agricultural water balance

1. Introduction

Global climate change has impacted most of human life aspects, including water
resources. Those evidences have been reported systematically by the Intergovernmental
Panel on Climate Change [1] and The United Nations Framework Convention on Climate
Change [2]. Climate change has accelerated the increase in hydrological cycles variability,
change in temperature and rainfall [3–5], and shift in the direction of water flow in the
snow area [6]. Climate change has reduced water supply and demand, exacerbating water
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scarcity, affecting the hydrological response, and, therefore, threatening sustainable devel-
opment worldwide. In response to these negative impacts on water resources, governments
worldwide have issued water management strategies to mitigate climate change, including
the United States federal agency [7], the Philippines [8], and India [9].

Climate change has caused a water production decrease in several watersheds, wors-
ened by irregular rainfall patterns due to increasing duration of extreme dry and/or wet
months. For example, a decrease in annual rainfall in the southern part of Java Island was
recorded during the periods of 1931–1960 and 1968–1998, to reach about 100 mm [10].

Researchers have developed models to compare, evaluate, and then mitigate climate
change’s negative impacts to the environment. Such a model—developed by the Food and
Agriculture Organization (FAO, Rome, Italy) particularly to evaluate climate change impact
in agriculture—is the Modelling System for Agricultural Impacts of Climate Change or
MOSAICC [11]. MOSAICC integrated climate scenarios data, crop growth simulations,
hydrological, and also economic modeling in its analysis [12]. MOSAICC has been suc-
cessfully implemented to assess the climate change impacts to develop adaptation and
mitigation strategies in Morocco [13]. Various data output from climate models such as
the Global Circular Model (GCM) can also be utilized in MOSAICC to further simplify the
analysis process in regards to data preparation.

MOSAICC utilizes the Spatial Tools for River Basins and Environment and Analysis of
Management Options (STREAM) for hydrologic analysis and modeling. STREAM is a GIS-
based model that is used to assess impacts of climate change and its variability, as well as
changes in land uses, on the availability of water resources and projected discharge patterns
in a watershed in the future [14]. Hydrologic models are the most popular environmental
research topic in agronomy. The topics include simulating the effects of irrigation and
other agricultural practices and studying the impact of extreme weather events and climate
change [15], ensuring water security by the application of best management practices
varying from focused sectoral measures of sustainable water use to emission regulations to
protect water quality and all dependent ecosystems’ chain [16]. STREAM is generally used
to study and analyze the impact of land use and climate change on hydrological conditions
in a watershed, specifically to estimate discharge under several climatic conditions and
scenarios [17]. STREAM has been successfully utilized to analyze the impact of climate
change and land use change on the hydrological conditions in the Ganges Brahmaputra
watershed in South Asia and the Rhine in Europe [14], to assess increasing water use and
runoff of the Khrisna River in India [18], to estimate the availability of water for irrigation
for heterogeneous watersheds in eastern Africa [19], and also to estimate river flow in areas
with limited data availability in the Philippines [20]. This model has also been reported
to produce reliable data at various locations with different climatic characteristics [21,22].
The STREAM model has also been implemented to simulate river discharges in several
watersheds in Indonesia [23,24].

In the previous study, STREAM direct uses for agricultural water analysis have not
been extensively reported. However, several research have utilized STREAM as part of
the MOSAICC system to assess climate change impact on agricultural water and changes
in hydrological characteristics [25–29]. This research utilized STREAM as an integrated
hydrological model in the MOSAICC system to simulate the impact of climate change on the
past, current, and future river discharges [14]. This research also specifically implemented
a novel approach of integrating the STREAM model and crop water-balance analysis to
assess not only river discharge dynamics due to climate change, but also its impacts on
agriculture land productivity. STREAM as a distributed hydrology model better represents
spatial variation of its model inputs compared to the general hydrology lumped model.
STREAM is also able to examine river discharges at any point along the generated artificial
drainage network, making it possible to identify discharge variation at any selected water
outlet. This particular STREAM feature opens the possibility to manage irrigation water at
the administrative level rather than watershed level, hence, further simplifying the complex
irrigation water management in a central agriculture region.
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The main objective of this study was to analyze impacts of climate change on agri-
cultural water availability in Cimanuk watershed, Indonesia. This article specifically
addressed (1) current and future agricultural water availability under different climate
change scenarios, which will be useful for better management of water resources, water
resources strategies, planning agricultural production, in addition to research related to
food security from the effects of climate change in Indonesia; (2) changes in hydrological
characteristics of Cimanuk watershed caused by the projected climate change events; and
(3) changes in crop water balance in the agricultural area within the Cimanuk watershed.
Cimanuk watershed was selected as the study site because its role as the main water source
that provides about 2.2 billion m3 water per year for agricultural irrigation in the area [30].
Therefore, results of this research might be beneficial for policymakers to design water use
management plans for climate change adaptation and mitigation measures and to better
regulate sustainable water supply and demand in the Cimanuk watershed.

2. Materials and Methods
2.1. Study Site Description

The Cimanuk watershed is an area along the Cimanuk river and geographically located
at 06◦13.7′–07◦25.7′ South Latitude and 107◦42.5′–108◦24.5′ East Longitude (Figure 1). The
watershed area is about 3493 km2, with the length of the main Cimanuk river is about
337.67 km [31]. The Cimanuk watershed is administratively shared by 4 regencies including
Garut, Sumedang, Majalengka, and Indramayu.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 19 
 

 

artificial drainage network, making it possible to identify discharge variation at any se-

lected water outlet. This particular STREAM feature opens the possibility to manage irri-

gation water at the administrative level rather than watershed level, hence, further sim-

plifying the complex irrigation water management in a central agriculture region.  

The main objective of this study was to analyze impacts of climate change on agri-

cultural water availability in Cimanuk watershed, Indonesia. This article specifically ad-

dressed (1) current and future agricultural water availability under different climate 

change scenarios, which will be useful for better management of water resources, water 

resources strategies, planning agricultural production, in addition to research related to 

food security from the effects of climate change in Indonesia; (2) changes in hydrological 

characteristics of Cimanuk watershed caused by the projected climate change events; and 

(3) changes in crop water balance in the agricultural area within the Cimanuk watershed. 

Cimanuk watershed was selected as the study site because its role as the main water 

source that provides about 2.2 billion m3 water per year for agricultural irrigation in the 

area [30]. Therefore, results of this research might be beneficial for policymakers to design 

water use management plans for climate change adaptation and mitigation measures and 

to better regulate sustainable water supply and demand in the Cimanuk watershed. 

2. Materials and Methods 

2.1. Study Site Description 

The Cimanuk watershed is an area along the Cimanuk river and geographically lo-

cated at 06°13.7’–07°25.7’ South Latitude and 107°42.5’–108°24.5’ East Longitude (Figure 

1). The watershed area is about 3493 km2, with the length of the main Cimanuk river is 

about 337.67 km [31]. The Cimanuk watershed is administratively shared by 4 regencies 

including Garut, Sumedang, Majalengka, and Indramayu. 

 

Figure 1. Location of Cimanuk Watersheds. 

The area of the Cimanuk watershed is generally divided into three geographical 

zones, namely the Lower Basin, Middle Basin, and Upper Basin, which characterizes a 

distinctive landscape with an area of 81,299 Ha, 114,477 Ha, and 145.677 Ha, respectively 

[31,32]. The Lower Basin covers most of the Indramayu Regency and is the closest zone to 

the Java Sea and mostly flat topography with slope in the range of <1 to 15%. The Middle 

Figure 1. Location of Cimanuk Watersheds.

The area of the Cimanuk watershed is generally divided into three geographical zones,
namely the Lower Basin, Middle Basin, and Upper Basin, which characterizes a distinctive
landscape with an area of 81,299 Ha, 114,477 Ha, and 145.677 Ha, respectively [31,32]. The
Lower Basin covers most of the Indramayu Regency and is the closest zone to the Java Sea
and mostly flat topography with slope in the range of <1 to 15%. The Middle Basin has
more diverse topography and landscape, with a steeper slope up to 25%. Moreover, the
Upper Basin is a volcanic cone, choppy to hilly landscape, with high variation of slope in
the range of 3 to more than 40% [33].
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2.2. Materials

Agricultural water availability analysis was performed utilizing available online spa-
tial global datasets from various sources. Spatial data of the study area consist of an SRTM
30 m resolution digital elevation model (DEM) [34], 1:250,000 land use map [35], soil water
holding capacity map at 250 m resolution [36], and spatial climate data series (monthly
temperature and precipitation from 1981 to 2069). The spatial climate data series were
generated using 3 downscaled global climate models (GCM) including CanESM2 [37],
CNRM-CM5 [38], and MPI-ESM-MR [39] followed 2 global climate change scenarios (i.e.,
RCP4.5 and RCP8.5). The climate data downscaling process utilized Statistical Downscaling
Model (SDSM) in the tropical region involving procedures of (1) observation data trans-
formation and quality control, (2) screening of predictor variables, (3) model calibration,
(4) generating downscaled weather parameter data according to scenario, (4) frequency and
time series analysis, and (5) summary statistics [40]. All spatial data were pre-processed
using QGIS software [41]. The generated climate data series were later divided into
3 data periods, consisting of historical (1981–2010), near-future (2011–2039), and far-future
projection period (2040–2069). Along with these global datasets, this research also utilized
local monthly river discharge and precipitation data that were collected from Eretan water
monitoring ground stations installed in the Cimanuk river. This local data was mainly used
for model calibration and result assessment.

2.3. Methods

The global climate change impacts on agricultural water availability in the Cimanuk
watershed were assessed through three consecutive steps of analysis. The first analysis was
river discharged simulation modeling following the 2 global climate change scenarios from
the 3 GCMs utilizing the STREAM hydrology model through MOSAICC system [11,14].
STREAM as a grid-based hydrology model specifically treats the catchment hydrology cycle
as a series of the storage compartment and flows [14]. MOSAICC integrates a modified
version of STREAM that offers the flexibility of data input, the possibility to incorporate
dams in the water cycle, and a model calibration module [12]. The STREAM model flow
chart is presented in Figure 2.
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STREAM considers climate, snow, soil, and groundwater reservoir in its model, and
has a fast and slow runoff component. The soil moisture storage affects the fast com-
ponent, while ground water storage influences the slow component. Potential evapo-
transpiration is derived from temperature, based on the Thornthwaite and Mather (1957)
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approach [42]. Snow accumulation is equal to precipitation when temperature is below a
threshold (e.g., zero degrees Celsius), and snow melts linearly depending on temperature.
The fast and slow flows are routed to the catchment outlet by flow accumulation based
on a DEM. The STREAM model assumes that all water moves through the system in
a monthly basis. The quality of the simulated river discharges output of the MOSAICC
STREAM analysis was assessed using Nash-Sutcliffe model efficiency analysis (NSE), which
is defined as:

NSE = 1− ∑T
t=1

(
Qt

o −Qt
m
)2

∑T
t=1

(
Qt

o −Qo
)2 (1)

where Qo is the mean of observed discharges, Qt
m is modeled discharges, while Qt

o is the
observed discharge at time t [43]. Furthermore, comparison between the resulted simulated
discharges was performed using normal distribution analysis, while future trends of
the Cimanuk river discharges were assessed through Mann–Kendall trend analysis of
maximum, minimum, and average discharges [44,45].

The next step of the analysis was water availability analysis in the study area using
dependable flow analysis. The water availability in agricultural area can be represented by
dependable flow of river cross to the area. Dependable flow is the amount of discharge
available to meet water needs with a calculated risk of failure. Dependable flow represents
80% of exceedance provability of the minimum discharge [46]. This analysis utilized the
simulated discharge output from the MOSAICC STREAM analysis as models input. The
final step of analysis was the agricultural water balance analysis using modified CROPWat
model by integrating inundation parameter [47]. This research specifically used the rice
water balance model with inundation parameter integration to identify the balance between
available water within the watershed and required water for agricultural purposes in the
study area. The water balance formula used in this research is presented in Figure 3.
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Figure 3. The illustrated water balance analysis.

Water balance in the watershed and the administrative level were represented by the
water critical index using the equation as follows:

WCI =
WR
WA
∗ 100 (2)

WCI: Water Critical Index
WR: Annually water requirement (million cubic meter, MCM)
WA: Annually Water Availability (million cubic meter, MCM)
Furthermore, this research followed a published official report in 2005 [48] to determine

the water criticality index (WCI) values as presented in Table 1.
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Table 1. Value and criteria of Water Critical Index (WCI) [48].

Value Criteria

WCI < 50 Not yet critical
50 < WCI < 75 Close to Critical
75 < WCI < 100 Critical
WCI > 100 Very critical

3. Results
3.1. Model Calibration and Validation Results

Figures 4 and 5 show comparisons between observed discharge and STREAM sim-
ulation results for model calibration and validation, respectively. Observed monthly
hydrologic data within the period of 1994–1997 were used for model calibration, while
data within the period of 1998–2007 were used for model validation. The NSE value of the
model calibration and validation results were 68.6% and 68.0%, respectively. That is under
criteria of good discharge simulation results [49]. This relatively high NSE was achieved
by calibrating STREAM model parameter values of water holding capacity, groundwater
flow speed, and rainfall to direct runoff fraction, to compensate possible discrepancy of
the observed precipitation data used in the simulation. The STREAM simulation result
accuracy in this research is comparable with other published rainfall-runoff modeling
results in Cimanuk watershed reported by [50–53]. The respective accuracy was 0.66 (NSE
of the Rainfall-Runoff Inundation model), 0.71 (NSE of the Soil and Water Assessment Tool
model), 0.64 (NSE of the Hydrologic Modeling System model), and 0.78 of the Kling-Gupta
Efficiency (KGE) of the SWAT model, in which the model accuracy of this research was 0.77
in term of KGE. Therefore, the calibrated STREAM model is qualified to generate modeled
discharge data to assess future effect of different climate change scenarios in agricultural
water availability in the study area. River discharge simulation results in Figure 4 identifies
a delay in the simulated discharges compared to the observed discharges. This delay could
be attributed to the high spatial heterogeneity of the precipitation data that might reduce
the accuracy of the downscaled climate data within the study area. Furthermore, rainfall
spatial variation could also increase soil moisture variation in the study area that directly
affected the river discharges simulation result. Increasing discharge in the area during the
period of September-December is also common as it is the beginning of the rainy season.
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3.2. Discharge Simulation Results

Figure 6 presents yearly river discharge simulation results in the Cimanuk watershed,
while statistics and norm distributions of the of the simulated discharges are presented in
Table 2. Discharge simulation results showed that compared to the simulated historical
discharges, all scenarios projected a decrease in average discharge in the study area for
the near-future time period. Variation in the simulated results was identified for the far-
future projection, in which in comparison to the simulated baseline discharges, CanESM2
predicted no change, CNRM-CM5 estimated decrease, while MPI-ESM-MR projected
increase in the average discharge of the Cimanuk watershed. These results are in line
with other published research on the impacts of climate change on watershed hydro
meteorological characteristic [54].
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Table 2. Statistics of simulated discharges of the Cimanuk watershed according to 3 GCM with
2 RCPs.

Model Scenario Average
Discharge (m3/s) STDEV Differences

with Historical

CanESM2

Historical 149.0 93.0
RCP4.5 Near-Future 131.0 79.0 −18.0
RCP4.5 Far-Future 146.0 108.0 −3.0
RCP8.5 Near-Future 134.0 92.0 −15.0
RCP8.5 Far-Future 149.0 118.0 0.0

CNRM-CM5

Historical 165.0 106.0
RCP4.5 Near-Future 150.0 94.0 −15.0
RCP4.5 Far-Future 147.0 99.0 −18.0
RCP8.5 Near-Future 141.0 94.0 −24.0
RCP8.5 Far-Future 136.0 95.0 −30.0

MPI-ESM-MR

Historical 150.0 100.0
RCP4.5 Near-Future 124.0 89.0 −25.0
RCP4.5 Far-Future 149.0 109.0 0.0
RCP8.5 Near-Future 145.0 104.0 −4.0
RCP8.5 Far-Future 194.0 134.0 45.0

Statistical series analysis has been applied to produce the norm distribution of hydro-
graph. Figures 7–9 show the norm distribution of Cimanuk watershed discharge according
to 3 GCMs (CanESM2, CNRM-CM5, and MPI-ESM-MR) for near future and far future. The
norm distribution of past discharge (historical) is represented by the blue line, RCP 4.5 is
brown line and RCP 8.5 is grey line. For 3 GCMs, the norm distribution of hydrograph
indicates that the simulated discharge from RCP 4.5 and RCP 8.5 is lower than historical.
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3.3. Future Trends of the Cimanuk River Discharges

Figure 10 shows trends of the maximum, average, and minimum of the resulted simu-
lated discharges of the Cimanuk Watershed, while the slope and Mann–Kendall coefficient
of the trend is presented in Table 3. The Mann–Kendall trend analysis generally did not
detect any trend for the simulated Cimanuk river discharges, except for the increasing
trend of future discharges from RCP4.5 scenario of the MPI-ESM-MR model and decreasing
trend from RCP8.5 scenario of the CNRM-CM5 and MPI-ESM-MR model. This result is in
accordance with published similar research in Cimanuk watershed. Discharge simulation
using the STREAM model yielded an insignificant trend of increasing discharge during the
period of 1961 to 1980 and a decreasing trend in the next period from 1981 to 2006 [24].
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Figure 10. Trend of Cimanuk River Discharges according to 3 GCM model following RCP4.5 and
RCP8.5 scenario.
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Table 3. Mann–Kendall trend analysis of the simulated Cimanuk river discharges following the
RCP45 and RCP85 scenario of the 3 GCMs.

Model Scenario Discharge Slope Mann Kendall
Coefficient (Zs) Trend

CANESM2

RCP4.5
Maximum 2.32 3.23 Increasing
Minimum −0.30 −3.54 Decreasing
Average 0.29 1.04 No Trend

RCP8.5
Maximum 2.15 1.91 No Trend
Minimum −0.38 −1.56 No Trend
Average 0.40 1.01 No Trend

CNRM-CM5

RCP4.5
Maximum −0.36 −1.59 No Trend
Minimum −0.37 −1.92 No Trend
Average −0.47 −1.79 No Trend

RCP8.5
Maximum −0.64 −0.35 No Trend
Minimum −0.28 −1.44 No Trend
Average −0.20 −0.52 No Trend

MPI-ESM-
MR

RCP4.5
Maximum 1.90 3.57 Increasing
Minimum 0.22 1.61 No Trend
Average 0.79 3.73 Increasing

RCP8.5
Maximum 2.78 1.35 No Trend
Minimum 0.43 0.78 No Trend
Average 1.58 1.36 No Trend

3.4. Water Availability Analysis Results

Figure 11 shows dependable flow of Cimanuk Watershed according to the CNRM-
CM5 RCP 4.5 scenario and the CNRM-CM5 RCP 8.5 scenario. The color-coded hydrographs
show a blue line for historical data, red line for near-future, and grey line for far-future
projection. Table 4 shows that all the model scenarios identified that monthly discharges
generally begin to decline in April until it reaches the lowest discharge in September, and
then increases again until December. Large monthly discharge fluctuations during the dry
and rainy season in the Cimanuk watershed, ranges from 68–95% in all model scenarios,
indicating the critical condition of the Cimanuk watershed [55].
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Figure 11. Dependable flow of Cimanuk Watershed according to CNRM-CM5 following RCP4.5 and
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Table 4. Dependable flow of Cimanuk River according to RCP4.5 and RCP8.5 scenarios of the
3 GCMs.

Model Scenario
Dependable Flow (m3/s)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

CanESM2

Historical 140.4 133.9 133.6 141.4 142.0 99.2 71.8 55.7 36.3 53.9 103.1 123.5 125.9
RCP4.5

Near-Future 95.9 87.4 116.3 150.3 139.0 93.7 79.9 73.0 47.8 46.8 56.1 81.0 104.8

RCP4.5
Far-Future 99.6 115.9 171.2 234.4 143.8 109.9 87.7 58.2 41.8 36.5 42.8 69.2 123.0

RCP8.5
Near-Future 86.2 99.1 135.8 145.0 135.7 113.7 75.2 49.6 35.1 46.2 48.7 68.8 103.3

RCP8.5
Far-Future 120.4 174.9 195.8 256.8 129.2 86.8 65.1 37.2 27.4 27.7 49.5 92.1 125.6

CNRM-
CM5

Historical 183.0 139.7 140.7 139.5 124.2 94.1 70.4 44.2 36.5 75.0 96.1 142.1 138.1
RCP4.5

Near-Future 127.7 114.1 145.3 132.1 130.4 101.6 77.1 50.5 37.6 47.0 77.7 117.5 121.1

RCP4.5
Far-Future 112.6 117.6 131.6 159.2 153.4 110.0 72.5 54.7 40.0 57.0 52.3 76.1 120.0

RCP8.5
Near-Future 124.0 104.7 118.9 120.3 137.0 88.3 61.0 50.5 40.5 55.1 56.5 101.2 107.3

RCP8.5
Far-Future 86.7 81.6 117.5 153.1 132.6 116.0 83.5 37.2 30.5 38.1 40.8 65.7 105.1

MPI-
ESM-
MR

Historical 139.7 139.8 132.7 139.9 139.0 98.6 74.2 44.4 32.3 51.7 51.1 87.7 121.2
RCP4.5

Near-Future 88.3 96.6 108.8 98.3 125.7 104.0 66.2 40.3 47.7 50.2 55.9 74.3 98.1

RCP4.5
Far-Future 104.6 91.7 118.5 166.0 184.2 142.2 89.2 58.6 41.5 42.8 51.8 68.5 116.4

RCP8.5
Near-Future 98.3 115.1 125.2 138.5 118.9 108.2 69.2 50.1 39.9 48.2 51.9 88.0 113.4

RCP8.5
Far-Future 113.6 98.7 154.6 263.4 233.7 166.8 111.4 60.7 47.6 60.0 67.7 96.4 147.8

3.5. Water Balance Analysis Results

Water requirement was calculated based on paddy irrigation requirements in the
Cimanuk watershed. Total area of the Cimanuk paddy field was about 173,039 ha, estimated
from the 2018 Indonesia Paddy Field Map, which was about 46.7% of the total Cimanuk
watershed area (Table 5).

Table 5. Rice field area according to administrative district level in Cimanuk Watershed.

District
Irrigated Rice Field Rainfed Rice field Total

Area (ha)

Garut 19,619.3 11,550.9 31,170.2
Sumedang 14,432.0 16,368.7 30,800.7
Majalengka 36,364.9 15,960.7 52,325.6
Indramayu 58,742.5 - 58,742.5

Total Area of rice field in Citarum Watershed 173,039.0

The Cimanuk paddy water requirement was calculated based on the assumption of
2× annual paddy cropping during the historical period, and 3× annual paddy cropping
with alternate wetting and drying (AWD) irrigation application for the near- and far-future
period. This assumption considered increasing the demand of rice, steady or declining
area of paddy fields, and massive application of irrigation efficient cropping techniques
in the near- and far future period. The AWD technique has an irrigation efficiency up to
75% of the conventional irrigation technique [56]. Results of the water balance analysis of
the 4 regencies in Cimanuk watershed according to the RCP4.5 and RCP8.5 scenarios of
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the CanESM2 model in the historical, near-future and far-future period are presented in
Table 6.

Table 6. Water Balance and water critically index of Citarum Watershed.

Scenario Regency in
Watershed

Area of
Rice Field

(km2)

Annually
Water Re-
quirement

(MCM)

Annually
Water

Availability
(MCM)

Water
Critical
Index

Criteria

CANES-
M2

Historical

Garut 196.19 22.2 741.3 43.5 not yet
critical

Sumedang 144.32 37.0 1257.1 18.9 not yet
critical

Majalengka 363.65 97.2 612.4 97.5 critical

Indramayu 587.43 64.7 628.5 153.5 very critical

Projection

RCP 4.5

Near
Future

Garut 311.70 85.0 642.1 91.1 critical

Sumedang 308.01 78.1 1088.7 53.1 close to
critical

Majalengka 523.26 982.1 530.4 185.2 very critical

Indramayu 587.43 1102.6 544.4 202.5 very critical

Far Future

Garut 311.70 585.0 669.4 87.4 critical

Sumedang 308.01 578.1 1135.0 50.9 close to
critical

Majalengka 523.26 982.1 553.0 177.6 very critical

Indramayu 587.43 1102.6 567.5 194.3 very critical

RCP 8.5

Near
Future

Garut 311.70 585.0 624.2 93.7 critical

Sumedang 308.01 578.1 1058.4 54.6 close to
critical

Majalengka 523.26 982.1 515.6 190.5 very critical

Indramayu 587.43 1102.6 529.2 208.4 very critical

Far Future

Garut 311.70 585.0 755.4 77.5 critical

Sumedang 308.01 578.1 1280.8 45.1 not yet
critical

Majalengka 523.26 982.1 624.0 157.4 very critical

Indramayu 587.43 1102.6 640.4 172.2 very critical

Based on the water balance analysis results, this research identified a shift of water
criticality status from “not yet critical” to “critical” and “close to critical”, specifically in
Garut and Sumedang regency, respectively, in the near-future period under both RCP
scenarios. However, water criticality stayed in “not yet critical” for the far-future period
under RCP8.5 scenario. Moreover, the historical status of water criticality in Majalengka
regency was already “critical”, and was projected to worsen to “very critical” in the future
under both RCP scenarios. There was no change of Indramayu regency’s water criticality
status, as historically it has already in “very critical” condition in both RCP scenarios.

4. Discussion

In general, the result of the trend analysis on the Cimanuk river simulated historical
and projected future discharges did not indicate any significant increasing or decreasing
trend. Nevertheless, this result is in line with other similar research that reported no trend in
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discharge trend analysis [57–59]. Discharge trend was depended on the local geographical
situation, the length of the observed hydro-meteorological data series, the observation
period, and other anthropogenic factors [60,61]. Others have also reported that other factors
influencing discharges simulation could be the different characteristics of the used GCMs,
the applied downscaling technique, and hydrologic models [62–64]. Monthly fluctuation of
the used precipitation, temperature, and potential evapotranspiration data in this research
would also have significant impact on the resulted simulated discharges. Decreasing
precipitation with increasing temperature data tends to decrease future discharges [65].

Climate change projection predicted increasing extreme events of drought and flood
in the near- and far-future that would negatively impact food, water, and energy secu-
rity [66,67]. GCM projection in China estimated decreasing water resources about 4 to 24%
due to increasing agricultural water demand and evapotranspiration (global warming).
Climate change adaptation and mitigation strategy through water management is, there-
fore, critical to sustainable development and necessary to achieve the 2030 Agenda for
Sustainable Development, the Paris Agreement, and the Sendai Framework for Disaster
Risk Reduction [68].

Water availability analysis of the 3 GCMs following the 2 RCPs on the near- and
far-future in the Cimanuk watershed is generally lower than its historical data. Discharge
variations between the wet and dry season was mainly caused by differences in precipita-
tion and evapotranspiration. River flow discharges were influenced by rainfall quantity
and watershed characteristic [69]. Other climatic factors could include temperature and
precipitation patterns [70]. Other than climatic factors, differences in water availability
on different watersheds were also determined by local geology, topography, soils, and
land uses. Based on the geological formation, the upper basin is the Central Volcanic Zone
dominated by loose volcanic spice composed of andesite-basalt, which originate from
an old volcanic (Qv formation). The middle basin is the Alluvial and Lacustrine areas
compose of several formations, namely Tnsb (Neogene Sediment), Tmsb (Late Miocene
Sediment) and Tomsb (Oligo-Miocene Sediments). While the lower basin is dominated
by the river and coastal deposit formation—which is composed of pebble, gravel, sand,
silt, mud, and clay—it is widespread around the coast to some areas around the river (Qa
formation) [71,72].

Furthermore, water balance analysis indicated that water criticality status of the
4 regencies in the Cimanuk watershed tend to degrade in the future. This worsening critical
status due to the increasing of water uses in this study as a result of increasing agricultural
intensification and extensification. Another important factor could include decreasing
annual water availability as a result of climate change. High crop water requirements
in the Cimanuk watershed could be possibly caused by the ratio of paddy fields to the
watershed area that dominates up to 46.7%. Indramayu Regency with the largest rice
field area within the Cimanuk watershed (15.9%) has historically experienced a “very
critical” water criticality status due to the high water requirement of paddy cropping that
exceeded the water availability in the area. Water demand for paddy fields in conventional
irrigation systems (continuous land submergence) reached 12,400 m3/ha/season [73].
Estimated paddy cropping water requirement as 12,310 m3/ha/season for Gleysol, and
12,510 m3/ha/season for Vertisol soils [74].

Water balance information is used to (1) calculate the water supply at surface water and
groundwater, (2) predict water use patterns of available water. (3) contribute balancing the
amount of excess and shortage of water, and (4) as a basis for calculating the optimization
of water resource management. The benefits of the results of the water balance analysis
are as follows: (1) if the results of the water balance analysis show water deficit in many
months, it can be used as the basis for constructing water storage infrastructure, and canals;
(2) if the results of the water balance analysis show water surplus in many months, it can
be used as the basis for constructing drainage channels and flood control techniques; (3) as
a basis for using water for various agricultural purposes, such as food crops, horticulture,
plantations, forestry, and fisheries [42,75,76].
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Climate change adaptation and mitigation strategies have been widely implemented
globally to face various risks of water shortage (water criticality status) or excess water.
Such strategies include precisive planting time to increase irrigation efficiency in India [77],
reducing wheat planting area in water-limited basin during the Winter, and increasing
water use efficiency for agricultural intensification under the threat of climate change
in the North China Plain [78], enhancing farmers’ knowledge on agricultural water use
efficiency [25,79,80]. Climate change negative impacts to agricultural water resources
could be minimized through improvement of irrigation infrastructures and the large-scale
implementation of water harvesting technologies and artificial water recharge facilities in
all vulnerable countries [25].

In Indonesia, several statutes and action plans related to water resources management
are currently available including Law 17 of 2019, about water resources; Law 24 of 2007
about disaster counter-measurements; and Law 23 of 1997 about environments. TheIn-
donesia National Action Plan on Climate Change Adaptation and Mitigation is a dynamic
policy instrument that can be evaluated, updated, and enhanced regularly to adjust to the
current climate change situation [81]. Adaptation and mitigation efforts that have been
applied in Indonesia include (1) development of dams for flood prevention and water
management purposes; (2) large-scale implementation of bio-porous water infiltration for
flood prevention; (3) enhance water management, including irrigation channel network
and system; and (4) development of water harvesting technology, such as field ponds
and micro channel dams [82]. Furthermore, several climate change mitigation strategies
include implementation of (1) water use efficiency, (2) non-fossil electric sources to power
irrigation equipment and other water management instrumentations, (3) low-emission
paddy strands, (4) sustainable peatland management, and (5) environmentally friendly
plantation management.

Future research and anticipated directions require intensive research efforts for the
availability of agricultural water in the long term by implementing a strategic anticipation
program through forest and land rehabilitation programs and changing horticultural
farming to agroforestry in the upstream area of the Cimanuk River in the Garut Regency
area due to the lack of vegetation in the upstream area. Increasing the manufacture of dam
units or retaining dams in the Majalengka district and repairing and improving irrigation
infrastructure, especially in the downstream area of the Cimanuk river to overcome flood
problems in the Indramayu district.

In the future implementation, it is necessary to have multidisciplinary and cross-
sectoral watershed management by to account for climate change impacts by employing
techno-logical advancements and holistic, cross-disciplinary approaches to ensure water-
sheds continue to serve their ecological, social, and economic functions [83] as well as
implementing an integrated watershed management planning system, through the One
River One Plan principle, at regional and national levels as well as its sustainability. In
addition, MOSAICC can be applied to all watersheds in Indonesia, to define the status of
agricultural water availability at the sub-district level according to climate change scenarios.

5. Conclusions

This research has successfully simulated river discharges in the Cimanuk watershed
utilizing 3 GCMs generated data following the RCP4.5 and RCP8.5 climate change scenar-
ios. The result of the discharge simulation from CNRM-CM5 model identified projected
decreases in Cimanuk river discharges for the period of near- and far-future, in comparison
to the historical simulated data, in both RCP4.5 and RCP8.5 scenarios. There was also
detected decreases in predicted discharges from the wet to dry period in all periods, but in
general near- and far- future discharges were higher than historical. The lowest historical
discharges during dry season in RCP8.5 scenario was lower than its near-future, but higher
than its far-future discharges. Furthermore, trend analysis results did not identify any
significant trend on near- and far-future discharges.
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Further near- and far-future water balance analysis projected shift in water criticality
of the Cimanuk watershed, to be worsened than its historical status, although the degree
was different for each regency within the Cimanuk watershed. This decreasing status of
water criticality in the Cimanuk watershed can be due to the increasing area of irrigated rice
fields which would further increase agricultural water demands, when water availability
tends to decrease as an impact of climate change. Other problems such as population
increase and fast industrial sector development could further increase the uncertainties of
the agricultural water availability in the long run. This situation would require strategic
anticipation programs, such as irrigation infrastructures updates and enhancements, as an
effort in supporting food security in the study area and Indonesia in general.
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