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Introduction

Abstract: Accurate rainfall data is fundamental for hydrological analysis, yet Global
Climate Models (GCMs) such as CESM2 exhibit systematic biases compared to ground
observations. This study evaluates historical CESM2 monthly rainfall before and after
Linear Scaling (LS) bias correction in the Sadar Watershed, East Java, Indonesia (2000~
2014). Observed rainfall from seven stations was spatially averaged using Thiessen
Polygon method and compared against downscaled CESM2 outputs at 0.25° x 0.25°
resolution. Model performance was assessed using Nash-Sutcliffe Efficiency (NSE),
RMSE-Observations Standard Deviation Ratio (RSR), and Percent Bias (PBIAS). Prior
to correction, CESM2 showed unsatisfactory performance (NSE = 0.410, RSR = 0.768).
After LS correction, NSE improved to 0.516 (marginally satisfactory, near 0.50
threshold) and RSR to 0.696 (satisfactory), with PBIAS improving from -10.218% to
1.439% (very good). However, LS corrects only monthly-scale mean bias; daily-scale
temporal variability and extreme rainfall remain unimproved. The 15-year period is
shorter than the WMO-recommended 30-year climate baseline. Results demonstrate
that LS-corrected CESM2 data are suitable for watershed-scale water balance
assessment but insufficient for daily hydrological modeling without advanced bias
correction methods, highlighting the importance of method selection for sustainable
water resource management under climate change (SDG 6 & 13).

Keywords: Bias correction; CESM2; Climate change; Linear scaling; Rainfall; Water
resources; SDG 6; SDG 13; Sustainable development

gauge stations, with records dependent on manual
observation methods that introduce risks of recording

Rainfall is one of the most critical hydrological
variables controlling watershed responses, including
runoff generation, streamflow variability, flooding, and
water resource availability (Zhou et al., 2021). The Sadar
Watershed, located in Mojokerto Regency, East Java, is
among the watersheds with high flood vulnerability,
with recorded flood events causing significant
socioeconomic impacts on local communities
(Nurdianyoto et al., 2019). Accurate and continuous
rainfall data is therefore essential for supporting reliable
hydrological analysis at the watershed scale. However,
observed rainfall data in the Sadar Watershed is
constrained by a limited spatial distribution of rain
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errors and data gaps (Maria et al., 2022). Although seven
rain gauge stations currently operate in the watershed,
their spatial coverage remains uneven, and the absence
of long-term continuous records restricts the use of
observational data alone for extended climate and
hydrological assessments.

To overcome these limitations, Global Climate
Models (GCMs) are increasingly utilized as sources of
long-term continuous climate data. The Community
Earth System Model Version 2 (CESM2), developed by
the National Center for Atmospheric Research (NCAR)
as part of CMIP6, provides historical daily rainfall
simulations from 1850 to 2014 (Danabasoglu et al., 2020;
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Eyring et al, 2016). In this study, the globally
downscaled version of CESM2 at 0.25° x 0.25° resolution
was used, allowing extraction of rainfall data at a spatial
scale closer to the Sadar Watershed extent. This
downscaled dataset has been widely applied in climate
and hydrological studies across Southeast Asia,
including Indonesia (Hsu et al., 2025; Prasetya et al.,
2026). However, even at downscaled resolution, raw
CESM2 outputs exhibit systematic biases relative to local
observations, including overestimation of light rainfall
events and underestimation of moderate to extreme
rainfall due to model structural uncertainty and
differences between GCM grid-scale and local
hydrometeorological processes (Kurniadi et al.,, 2023;
Sa’adi et al., 2025). These biases must be corrected before
CESM2 data can be reliably applied in watershed-scale
hydrological studies.

Bias correction is therefore a critical preprocessing
step to improve the statistical agreement between GCM
outputs and observed data prior to hydrological
application (Teutschbein & Seibert, 2012), adjusting the
statistical properties of model rainfall such as the mean
without altering the spatial resolution of the GCM grid.
Among available methods, Linear Scaling (LS) is widely
applied due to its computational simplicity and
effectiveness in correcting monthly-scale mean bias, as
demonstrated both globally (Mahmood et al.,, 2018;
Safura & Sekaranom, 2024) and in several Indonesian
watersheds (Jauhari & Suhartanto, 2025; Zahrani et al.,
2025). However, because LS applies a uniform monthly
multiplier, it does not alter daily-scale temporal
variability or extreme rainfall events, aspects that
require more advanced methods such as Quantile
Mapping or Distribution Mapping (Fang et al., 2015;
Sa’adi et al., 2025). Evaluation using NSE, RSR, and
PBIAS is therefore essential to quantify both the benefits
and limitations of this method (Moriasi et al., 2007).

Despite the widespread application of CESM2 in
Indonesian climate studies, a critical research gap
remains: no study has systematically evaluated the
performance of historical CESM2 rainfall data before
and after bias correction at the watershed scale in the
Sadar Watershed, East Java. Previous studies in this
watershed focused on satellite rainfall validation using
TRMM and CHIRPS (Maria et al., 2022) and rainfall-
runoff modeling using HEC-HMS (Nurdianyoto et al.,
2019), but none evaluated GCM-based historical rainfall
data against local observations. Similar GCM-based bias
correction studies in nearby East Java watersheds have
instead relied on regional climate model products such
as CORDEX-SEA rather than CESM2 (Anggraini et al.,
2026; Satria et al.,, 2025). Furthermore, the specific
capacity and limitations of Linear Scaling in correcting
CESM2 mean bias while explicitly acknowledging its
inability to improve daily-scale temporal dynamics have
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not been quantitatively assessed for small tropical
watersheds in East Java.

This study addresses these gaps with the following
novelties: it provides the first systematic evaluation of
historical CESM2 monthly rainfall performance before
and after Linear Scaling bias correction specifically in the
Sadar Watershed; it explicitly distinguishes between
monthly-mean bias correction, which LS is designed for
and directly evaluated in this study, and daily-scale
temporal variability improvement, which LS is
theoretically unable to achieve based on its formulation;
and it establishes a baseline performance benchmark for
downscaled CESM2 rainfall data in this watershed,
essential for future climate change impact assessments
and water resource management in support of SDG 6
and SDG 13.

This study therefore aims to evaluate the
performance of historical CESM2 rainfall before and
after Linear Scaling bias correction in the Sadar
Watershed using NSE, RSR, and PBIAS as performance
indicators. The findings are expected to provide
practical guidance for selecting appropriate bias
correction approaches for watershed-scale hydrological
applications in data-scarce tropical regions.
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Figure 1. Location of the Sadar Watershed on the CESM2
model grid data CESM2

Method

Study Area and Data

This study is located in the Sadar Watershed,
Mojokerto, East Java, Indonesia. Geographically, it is
situated at coordinates 7°32'-7°42' South Latitude and
112°25'-112°35' East Longitude. The total area of the
Sadar Watershed is 400.833 km?. Figure 1 shows the
location of the Sadar Watershed rainfall data mapped
against the CESM2 Model grid data, with raw rainfall

values ranging from 0 kg/m?/s (low, shown in dark
2
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blue) to 0.00042229 kg/m?/s (high, shown in yellow-
red). The original CESM2 rainfall variable (pr) is
provided in units of kg/m?/s, equivalent to mm/s of
liquid water flux. This was converted to a daily depth
(mm/day) by multiplying the raw value by 86,400 (the
number of seconds in one day):

Rainfall (mm/day) = Rainfall (kg/m?/s) x 86,400 (1)

After conversion, the maximum grid-scale rainfall
value corresponded to approximately mm/day.
Watershed delineation was performed using DEMNAS
data. The overall research workflow, from data
acquisition through bias correction and performance
evaluation, is illustrated in Figure 2.

Obscrved Rainfall data
(2000-2014)

CESM2 Model
Rainfall Data

z Historical data
(2000-2014)
Consisteney Test #
Sta.tllftllarlty' ) I.est Mean Areal
Persistence Test Raimn(all {Thiessen)
per CLSM2 Grid
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Affeeted Grid

h

Initial Rainfall Evaluation
(NSE, RSR, PBIAS)
2000-2014

Bias Correction using [inear
Scaling Method 2000-2014

Y
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Perlormance Evaluation
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Figure 2. Research flowchart for evaluating CESM2 rainfall
performance in the Sadar Watershed before and after Linear
Scaling bias correction

Datasets
This study uses CESM2 rainfall data for the years
2000-2014, originally available at daily resolution and

Volume 12, Issue 11, 1-9

subsequently aggregated to monthly totals/means prior
to bias correction and performance evaluation,
consistent with the monthly-scale design of the Linear
Scaling method. CESM2 is a climate model developed by
the National Center for Atmospheric Research (NCAR),
as part of the Coupled Model Intercomparison Project
Phase 6 (CMIP6). The globally downscaled version with
a resolution of 0.25° x 0.25° was used. CESM2 is a global
Earth system model that represents interactions among
the atmosphere, land, ocean, sea ice, and other climate
components to simulate both historical and future
climate variability (Danabasoglu et al.,, 2020). The
CESM2 historical dataset is widely used in climate
studies because it provides long-term simulations of
rainfall data.

Table 1. Observed rain gauge stations in the Sadar
Watershed

IS{,[&: trilo(;auge (11::;; Longitude Latitude  Sub Dist.
Pudaksari 49.791 112.4868  -7.5035389 Bangsal
Pasinan 66.634 112.4509063  -7.4923699 Bangsal
Mojosari 72260 112.556944  -7.5154028 Mojosari
Janjing 48523 112.5820611 -7.5946444 Trawas
Pacet 47969 112.5312638 -7.6619778 Pacet
Ketangi 75223 112.4932777  -7.5663611 Dlangu
Pandan 40444 11253225  -7.6085833 Pacet

In addition, observed data from 7 rain gauge
stations was required for the process of computing areal
rainfall using the Polygon Thiessen (Figure 3). Observed
rainfall data were obtained from the East Java Province
Public Works and Spatial Planning Agency (Dinas PUPR
Sumber Daya Air Jawa Timur). Table 1 presents the
distribution of rain gauge stations in the Sadar
Watershed, Mojokerto.
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Figure 3. Thiessen polygon map of observed rain gauge
stations
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Model Evaluations

In estimating historical rainfall data, the CESM2
model exhibits bias relative to observed data. The
corrected data represent raw inputs prior to
hydrological simulation, including rainfall and
temperature data (Knight & Shamseldin, 2005). One of
the bias correction methods is Linear Scaling (LS). The
LS method is one of the bias correction approaches,
specifically a statistical approach commonly used to
correct bias in climate model rainfall data by adjusting
the mean value of the model data against the observed
data (Anggraini et al., 2026; Satria et al, 2025;
Teutschbein & Seibert, 2012).

U(Pobs,m)
Peorm = Prawm X —o——= )
H(Praw,m)
Where:
Peorm = corrected rainfall value for month m
Praw,m = raw model rainfall for month m

H(Pobs,m) = mean observed rainfall for month m
u(Praw,m) = mean model rainfall for month m

To quantitatively assess the effectiveness of Linear
Scaling in this study, model performance was evaluated
using three statistical indicators: Nash-Sutcliffe
Efficiency (NSE), RMSE-Observations  Standard
Deviation Ratio (RSR), and Percent Bias (PBIAS), which
are widely applied in hydrological model evaluation
due to their sensitivity to systematic bias and error
variance (Gupta et al., 2009; Krause et al., 2005; Moriasi
et al., 2007).

Nash-Sutcliffe Efficiency (NSE)

The Nash-Sutcliffe Efficiency (NSE) index was
originally used to assess the error between model
outputs and observed data (Nash & Sutcliffe, 1970). With
the NSE index, model parameters can be measured
accurately and stably after the calibration process.
According to Moriasi et al. (2007), NSE approaching 1 is
the optimal result, and values between 0 and 1 are
considered acceptable. NSE can be calculated using the
following formula:

{1:1(Yiobs _ Yisim)2

NSE=1- >
1 (Y = ymean)

®)

Where:

Y;°"S = observed data (actual data)

Y™ean = mean of observed data (actual data)
Y™ = simulated data (estimated data)

n = number of data points

PBIAS - Percent Bias

Percent Bias is a measure of the bias tendency
expressed as a percentage to determine the average
deviation of the CESM2 model simulation from its
observed data. An accurate simulation is indicated by
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PBIAS = 0; a negative value indicates overestimation and
a positive value indicates underestimation (Fang et al.,
2015). The following PBIAS formula can be used (Gupta
et al., 1999; Teutschbein & Seibert, 2012):

inzl(YiObS _ Ylsim)

n obs
i=1 Yi

PBIAS = x 100 (4)

Where:
Y;°"S = observed data (actual data)

Y;*I™ = simulated data (estimated data)
n  =number of data points

RMSE-Observations Standard Deviation Ratio (RSR)

This index represents the standardization of RMSE
by the standard deviation of observed data. The RSR
index is generally used to assess the magnitude of model
error relative to observed data. The lower the RSR value,
the better the model performance (Moriasi et al., 2007).
The following RSR formula can be used:

jn=1(Yi0bS _ Yisim)2

RMSE
RSR = 5
?:1(Yi0bs _ Ymean)

- = 5
STDEV, s ©)

Where:

Y;°P = observed data (actual data)

Y™mean = mean of observed data (actual data)
Y™ = simulated data (estimated data)

n = number of data points

Result and Discussion

Evaluation of Historical CESM2 Rainfall Before Bias
Correction

To evaluate the CESM2 model, analysis was
conducted using observed rainfall data for the period
2000-2014. The results are presented in Figure 4 on a
monthly scale. In general, CESM2 was able to
adequately reproduce the regional seasonal rainfall
pattern, as demonstrated by the consistency of both data
series in capturing the wet season (October-April) and
dry season (May-September).

However, there were significant systematic
deviations between the two datasets. As shown in Figure
4, CESM2 (solid line) tended to overestimate rainfall
relative to the observed data (dashed line) during peak
wet season periods, where the simulated peaks visibly
exceeded the corresponding observed values. This
deviation occurs because CESM2 is a global climate
model operating at coarse spatial resolution (~100 km
per grid), meaning that local hydrometeorological
processes that determine the magnitude and timing of
rainfall events in the Sadar Watershed (400.833 km?)
cannot be accurately represented (Keller et al., 2022;
Teutschbein & Seibert, 2012). As a result, the model
tends to average rainfall distribution over a grid scale far

4
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larger than actual field conditions, such that the peak
values produced do not always correspond to the actual
local rainfall intensity that occurred. This limitation is
consistent with findings by Tuasikal et al. (2026), who
reported that a conventional mean-based Linear Scaling
approach exhibited poor daily-scale performance (NSE

800
700 \
600
5004,

i
400

Rainfal (mm)

00 . A i
T
200 ';‘.‘",‘ A P N
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ranging from —0.53 to 0.18) when applied to satellite-
based rainfall data across six tropical watersheds in the
Moluccas Islands, confirming that mean-adjustment
methods alone are insufficient to correct event-scale and
intensity-related biases in coarse-resolution climate
data.

-=-0Obs
—CESM2

2000 2001 2002 2003 2004 2003 2006
Month / Year 2010-2014

2007 2008 2009 2010 2011 2012 2013 2014

Figure 4. Relationship between observed and historical CESM2 rainfall before bias correction during the 2000-2014

To strengthen the evaluation results, this study used
assessment  indicators  including Nash-Sutcliffe
Efficiency = (NSE), RMSE-Observations Standard
Deviation Ratio (RSR), and Percent Bias (PBIAS). This is
consistent with the evaluation criteria developed by
Moriasi et al. (2007). Table 2 presents the results of
CESM2 evaluation before correction.

Table 2. Performance indicator evaluation before

correction

Performance Model = Performance Rating Conclusion
NSE 0.41  Unsatisfactory
RSR 0.77  Unsatisfactory
PBIAS -10.22% Very Good

Based on the criteria of Moriasi et al. (2007), the NSE
and RSR values indicate unsatisfactory performance,
demonstrating that the CESM2 model has limited ability
to represent observed rainfall variability. The low NSE
indicates that CESM2 model rainfall has not yet
optimally aligned with observations. The RSR indicates
the presence of model deviation. The PBIAS result,
showing a negative value (-10.22%) falls within the very
good category, and on average CESM2 exhibits a slight
bias. However, the negative sign indicates
overestimation, where the model produces slightly
higher rainfall than observations. Overall, the CESM2
model still has limitations in consistently representing
rainfall before the bias correction process.

Effect of Linear Scaling on Mean Rainfall Characteristics
Linear Scaling is a bias correction method that
adjusts mean values. Therefore, Figure 5 compares the
mean rainfall before and after Linear Scaling. It can be
seen that in February, CESM2 rainfall was relatively
lower than observed data. After applying bias correction
using the Linear Scaling (LS) method, the mean rainfall
pattern of the model showed better agreement with

observations, as evidenced by the CESM2 line more
closely following the observed mean pattern across
almost all months.
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Figure 5. Mean relationship between observed and historical
CESM2 rainfall during the 2000-2014: a) before correction and
b) after correction
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This demonstrates that the Linear Scaling method is
effective in reducing bias in mean rainfall. Therefore, the
correction of mean rainfall serves as an approach to
adjust CESM2 model rainfall to better match observed
values (Londhe et al., 2023). Although Linear Scaling

700

Rainfall (mm)

2000 2001 2002 2005 2004 2005 2006
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successfully corrected the mean values of CESM2 to
align with observations, statistical evaluation using
NSE, RSR, and PBIAS is still required to assess the
overall quality of the corrected CESM2 rainfall data.

---Obs
—CLSM2

<

2007 2008 2009 2010 2011 012 2M3 2014

Month / Year 2010-2014

Figure 6. Relationship between observed and historical CESM2 rainfall after bias correction during the 2000-2014

Performance Evaluation After Linear Scaling

Figure 6 shows a comparison of observed and
CESM2 simulated rainfall after bias correction using the
Linear Scaling method for the period 2000-2014.
Visually, the agreement between the two datasets shows
a noticeable improvement compared to before
correction, particularly in terms of overall magnitude
during peak wet season periods that previously
experienced considerable overestimation. The most
notable improvement is shown in the areas marked by
red boxes in 2003, 2004, and 2011, where CESM2
simulation peaks that previously deviated considerably
from observations now show closer agreement in
magnitude. It should be noted, however, that Linear
Scaling calculates a single monthly scaling factor from
the ratio of long-term observed and raw model means,
which is then applied uniformly to every daily value
within that month (Teutschbein & Seibert, 2012; Zhang
et al., 2024)). Because this correction operates purely on
the monthly mean, the temporal position of daily rainfall
peaks remains identical to that of the raw model output
(Zhang et al.,, 2024). The improvement observed in
Figure 6 therefore reflects a reduction in peak magnitude
bias, not a correction of the temporal timing or daily-
scale variability of the rainfall events.

This improvement is quantitatively validated in
Figure 7 based on the criteria of Moriasi et al. (2007).,
showing that prior to bias correction, the model
produced NSE = 0.410 and RSR = 0.768, which fall within
the unsatisfactory category. However, after applying
bias correction using LS, model performance showed
improvement, with NSE increasing from 0.410 to 0.516
and RSR decreasing from 0.768 to 0.696, shifting the
performance category to satisfactory. In addition, the
PBIAS value changed from -10.218% to 1.439%,
indicating that the systematic bias of the model
approached zero after correction.

0.600

0.516 m Before m After
0,500
0.410
o 0400
32
"ﬁ
= 0.300
sa}
73}
Z 0,200
0,100
0.000
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0.780 1768
U.768 mBefore W After
0.760
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E
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Figure 7. Performance comparison of historical CESM2 rainfall
before and after linear scaling correction: (a) Nash-Sutcliffe
Efficiency (NSE), (b) RMSE-Observations Standard Deviation
Ratio (RSR), and (c) Percent Bias (PBIAS)
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The LS method can be considered quite effective in
reducing bias and improving the agreement of CESM2
model rainfall, although the positive PBIAS indicates a
slight underestimation tendency with a relatively small
deviation that still falls within the very good category.
Nevertheless, the performance improvement from LS
remains moderate, indicating that while the LS method
is effective in correcting the mean rainfall of the model,
it still has limitations in the overall representation of
temporal rainfall variability. This is consistent with
findings reported by Londhe et al. (2023) and Menapace
etal. (2025), who noted that the LS method performs bias
correction through mean value adjustment and tends to
preserve the original temporal structure of the climate
model output, a limitation also observed by Jaiswal et al.
(2022), who found that linear scaling performed
comparatively well for mean adjustment but was less
effective than empirical quantile mapping in
reproducing wet-day frequency and rainfall intensity
distributions.

General Assessment of Linear Scaling Performance

Overall, the evaluation results demonstrate that the
application of Linear Scaling provided a modest
improvement in the mean CESM2 rainfall performance
in the Sadar Watershed, with the corrected values falling
at the lower bound of the satisfactory range. The increase
in NSE from 0.410 to 0.516 and the decrease in RSR from
0.768 to 0.696 indicate that bias correction statistically
improved the agreement between the model and
observations, although this improvement remains
marginal and close to the satisfactory threshold defined
by Andari et al. (2024), Azman et al. (2021), and Moriasi
et al. (2007). The shift in PBIAS from —10.218% to 1.439%
demonstrates that the correction successfully reduced
the model's overestimation tendency to a slight
underestimation, which still falls within the very good
category. Nevertheless, because Linear Scaling applies a
uniform monthly correction factor, it does not alter the
temporal distribution of rainfall events; its benefit is
therefore limited to correcting mean bias rather than
improving daily-scale variability or extreme rainfall
representation. For hydrological studies requiring more
precise representation of rainfall distribution, more
advanced bias correction methods such as Quantile
Mapping or Distribution Mapping may be considered as
more comprehensive alternatives (Jaiswal et al., 2022;
Teutschbein & Seibert, 2012). The results of this study
reinforce the importance of the bias correction process as
a preprocessing step prior to the utilization of historical
CESM2 data in watershed-scale hydrological modelling.

Conclusion

This study evaluated the performance of historical
CESM2 monthly rainfall data in the Sadar Watershed,
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Mojokerto, before and after bias correction using the
Linear Scaling (LS) method over the period 2000-2014.
Prior to correction, CESM2 exhibited unsatisfactory
performance at the monthly evaluation scale, with NSE
of 0.410 and RSR of 0.768, while PBIAS (-10.218%) fell
within the very good category despite the model's
limited ability to capture rainfall variability. Following
the application of Linear Scaling, model performance
improved, with NSE increasing to 0.516, RSR decreasing
to 0.696, and PBIAS shifting to 1.439%, also within the
very good category. These findings confirm that Linear
Scaling is effective in reducing systematic mean bias in
historical CESM2 rainfall data and improving the mean
agreement between simulated and observed rainfall,
although the improvement remains moderate, as the
method primarily corrects bias through mean
adjustment and does not substantially improve the
representation of temporal variability or extreme rainfall
events. Overall, bias correction is confirmed as a
necessary preprocessing step before historical CESM2
rainfall data can be reliably used for watershed-scale
hydrological analysis in the Sadar Watershed. Future
studies are recommended to apply more advanced bias
correction methods, such as Distribution Mapping or
Quantile Mapping, to better capture rainfall distribution
and variability, and to incorporate longer observation
periods or additional GCM ensembles to strengthen the
reliability of climate-based hydrological assessments in
this watershed.
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