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Abstract. Understanding the effects of climate change on agricultural crops is an essential part of flood-risk
management and adaptation measures. However, the quantitative impact of flood damage on agricultural crops
under climate change is still not clearly understood. It is thus crucial to investigate flood damage to agricultural
crops under climate change scenarios to understand future crop damage better. In this study, we first explored the
relationship between extreme rainfall and damaged paddy area for a historical period, and then focused on the
quantitative analysis of flood impact on rice crops under climate change using MRI-AGCM3.2S climate model
outputs for the past (1979-2002) and future (2075-2098) climate periods for the Solo River basin in Indonesia.
We developed a quantitative damage assessment method by coupling water and energy budget-based rainfall-
runoff-inundation model outputs and a flood loss model. Flood damage to rice crops was defined as a function
of flood depth and duration, and depth-duration-damage curves were applied to quantify the damage. The results
show that flood damage to rice crops will be more severe in the future than in the past, and the findings can be
useful in establishing risk reduction and adaptation measures.

1 Introduction on rice crops under extreme climate change scenarios using

atmospheric general circulation model (AGCM) outputs pro-

Floods are the most frequently occurring natural disaster
in many countries (Komolafe et al., 2019). Flood damage
to crops causes significant economic losses and impacts
food security and rural livelihoods, particularly in developing
countries (Shrestha et al., 2016). Flood damage may be more
serious in the future because of the increasing frequency and
intensity of extreme weather events due to climate change.
Therefore, understanding the impact of climate change on
agricultural crops and quantitatively assessing flood damage
to agricultural crops under climate change scenarios are es-
sential for planning and implementing flood prevention and
adaptation measures. However, the quantitative impacts of
flood damage to agricultural crops and other sectors under
climate change have not been clearly understood since they
have spatially heterogeneous characteristics. Therefore, this
study focused on the quantitative analysis of flood impact

duced by the Meteorological Research Institute (MRI) (MRI-
AGCM3.2S).

We selected the Solo River basin (SRB) in Indonesia for
this study. First, we explored the relationship between ex-
treme rainfall and damaged paddy area for a historical pe-
riod based on linear regression analysis. Then, we formu-
lated a flood damage assessment framework for rice crops
under climate change to quantify the damage by coupling
hydrologic-hydraulic model outputs and a flood damage esti-
mation model, and assessed the rice crop damage for the past
(1979-2002) and future (2075-2098) periods using MRI-
AGCM3.2S climate model outputs.
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Figure 1. Location of the Solo River basin, Indonesia (Elevation
data: HydroSHEDS digital elevation model).

2 Study area

The SRB is located in Java Island in Indonesia (Fig. 1). The
catchment area of the study boundary is about 15752km?,
and the main Solo River is approximately 600 km long. The
Wonogiri multipurpose dam, with a reservoir capacity of
730% 10% m?, is in the upper part of the basin. The SRB is one
of the country’s important river basins in terms of agricul-
ture production. However, agricultural crops are often dam-
aged due to flooding in the area. Therefore, the assessment
of flood damage to agricultural crops under climate change
in this basin is essential to implement effective preventive
and adaptation measures.

3 Relationship between extreme rainfall and
damaged paddy area

We collected data on damaged paddy area for 1997-2009
from the Directorate of Food Crop Protection (DFCP, 2010).
The collected data were used to study the relationship be-
tween extreme rainfall and damaged paddy area based on
linear regression analysis. Figure 2 shows the plot between
monthly rainfall and total monthly damaged paddy area for
the regencies in the study area. The figure shows that flood
damage to rice crops usually occurred in December—March,
when the basin average monthly rainfall was higher than
200 mm. The figure shows that a significantly large area
of rice paddies was affected during the flood in December
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Figure 2. Monthly rainfall and monthly damaged (affected) paddy
area from January 1997 to December 2009.
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Figure 3. Plots between damaged paddy area and annual extreme
rainfall (1 or 4d annual maximum) and their linear relationships
(Sig. = Significance).

2007-January 2008, and the basin average monthly rainfalls
in these months were 455 and 270 mm, respectively.

In SRB, the monsoon period is from November to April,
and floods usually occur between December and March. We
thus defined the period from 1 August (beginning from the
month with the least rainfall in a year) to the end of July
as the hydrological year. The relationship between damaged
paddy area (i.e., flooded paddy area with rice crop damage
reported by local government (DFCP, 2010)) and extreme
rainfall was analyzed using the annual data for the hydro-
logical year. The 1 and 4 d maximum rainfall were consid-
ered for analysis to represent floods due to heavy rainfall
over a single day or several days, based on rainfall and dis-
charge characteristics. Figure 3 shows the linear relationship
between the annual damaged paddy area and the 1 or 4d an-
nual maximum basin average rainfall. The damaged paddy
area varies positively with the extreme rainfall, and the linear
relationship between the damaged paddy area and the 1 or 4 d
maximum rainfall was statistically significant, with a signifi-
cance level of less than 0.005 %. The linear trends show that
floods may affect rice paddies when 1 or 4 d rainfall exceeds
25 or 71 mm, respectively, although flooding may depend on
the spatial distribution and the occurrence time of rainfall.
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Figure 4. Process of estimating flood damage to rice crops.
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Figure 5. Paddy area based on the 2006 land cover produced by the
Ministry of Environment and Forestry, Indonesia.

The 1 and 4 d maximum basin average rainfalls during the
2007-2008 flood event, the largest recorded flood event in
the basin, were 91.6 and 142.7 mm, respectively.

4 Flood damage assessment under climate change

4.1 Global climate model outputs

This study used the global climate model (GCM) outputs
of MRI-AGCM3.2S, which are the high-resolution climate
outputs from the Climate Model Intercomparison Project-
phase 5. The GCM outputs of MRI-AGCM3.2S (past pe-
riod: 1979-2002, future period: 2075-2098), which were dy-
namically downscaled to a 5km domain using a weather
research forecasting model and statistically corrected the
bias using ground-observed rainfall data for the past period,
were employed to simulate flood hazard conditions under cli-
mate change scenarios. For the future period, the representa-
tive concentration pathway (RCP) 8.5 scenario, the high-end
emissions scenario experiments, was used.

4.2 Flood hazard analysis

We used the water and energy budget-based rainfall-runoft-
inundation (WEB-RRI) model developed by Rasmy et
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Figure 6. Comparison of calculated and observed discharges at the
Cepu station for flood events in 2007/2008 and 2009.

al. (2019) for flood hazard simulation. The WEB-RRI model
takes into account all the natural hydrological processes in
a catchment and simulates evapotranspiration, the rainfall-
runoff process, infiltration, and flood inundation. We used
the digital elevation model data obtained from the Hy-
droSHEDS. First, the parameters of the WEB-RRI model
were calibrated and validated by comparing calculated dis-
charges with observed discharges for past flood events. Out-
flows from the Wonogiri dam were also considered for the
flood events of calibration and validation. Then, flood sim-
ulations were conducted using the calibrated and validated
WEB-RRI model with MRI-AGCM3.2S outputs for the past
and future climate periods. The WEB-RRI model was set
up using bias-corrected rainfall data and other forcing data,
such as temperature and radiation, obtained from downscaled
MRI-AGCM for the past and future climates. The details on
other required data for WEB-RRI model and their sources
can be found in Rasmy et al. (2019). Natural flow conditions
(i.e., no dam conditions) were considered in flood simula-
tions for the past and future climate periods. Inundation may
occur due to fluvial flooding when water overflows the river
banks or pluvial flooding when extreme rainfall accumulates
in the area.
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Figure 7. (a) Calculated flood inundation depth and extent and
(b) estimated rice-crop damage, during 2007/2008 flood.

4.3 Flood damage assessment

Figure 4 shows the process of estimating flood damage to
rice crops. The flood damage to rice crops in terms of eco-
nomic losses was calculated as the product of the value of the
exposed rice crops in hazardous areas and flood vulnerabil-
ity. Flood depth and duration were considered as key flood
parameters that affect rice crops during flooding. The paddy
fields in the study area were extracted from the land cover
map for 2006 produced by the Ministry of Environment and
Forestry, Indonesia (Fig. 5).

The flood damage curves (FDCs) for rice crops presented
by Shrestha et al. (2016) were applied to quantify the dam-
age, which can be applied to the study area because ma-
jor rice crops grown in Southeast Asia are similar types
(Shrestha et al., 2021). FDCs were defined as the function
of flood depth, duration, and crop growth stage. The appli-
cability of FDCs or the damage assessment method was also
validated by comparing the calculated damage with reported
data for past floods. When flooding occurs during the vegeta-
tive stages, farmers normally replant rice crops, and in such a
case, the value of rice crop damage was estimated as losses of
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Figure 8. Boxplots of (a) flood inundation area and (b) peak inun-
dation volume for the past and future climate periods (plus mark:
average value).

the cost of input. However, when flooding occurs during the
reproductive and maturity stages of rice plants, the value of
rice crop damage was estimated as the volume of production
losses with farmgate price. The volume of rice production
losses was estimated as the product of rice yield, damaged
paddy area, and yield loss (Shrestha et al., 2016). The volume
and value of rice crop loss were estimated using the follow-
ing values: a rice yield of 5230 kgha™! (Panuju et al., 2013),
a farm gate price of IDR 4650 per kg (Wright and Meylinah,
2014), and a cost of input of IDR 1970414 per ha (Zakaria et
al., 2004). The growth stage of the rice plant during the past
flood events was identified with reference to the duration of
each growth stage of the rice plant (Shrestha et al., 2016) and
the cropping calendar published by DSRI (2001). After the
validation of the method, flood damage to rice crops was as-
sessed for the past (1979-2002) and future (2075-2098) pe-
riods under climate change scenarios using MRI-AGCM3.2S
outputs with scenarios of different rice growth stages.

5 Results and discussion: flood damage
assessment

Figure 6 compares the calculated discharge using the WEB-
RRI model with the observed discharge at the Cepu for the
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Figure 9. Boxplots of (a) calculated damaged paddy area and
(b) estimated rice-crop damage for the past and future climate peri-
ods (plus mark: average value).

2007/2008 and 2009 floods. The results show good model
performance with high values of the Nash-Sutcliffe coeffi-
cient of efficiency (NSCE) and R-squared. Figure 7 shows
the calculated flood inundation depth and the estimated rice-
crop damage for the 2007/2008 flood. Based on the crop-
ping calendar and the duration at each rice growth stage, the
rice plant during the 2007/2008 flood was at the vegetative
and maturity stages in the downstream and upstream parts of
the basin, respectively. The estimated value and area of rice
crop damage during the 2007/2008 flood were 89.1 billion
IDR and 73 324 ha, respectively, while their reported values
were 93.3 billion IDR (Hidayat et al., 2008) and 60630 ha
(DECP, 2010).

Figure 8 shows the boxplots of the flood inundation area
and the peak inundation volume for the past and future peri-
ods. The figure shows that the first quartile values of the flood
inundation area and the peak inundation volume for the fu-
ture climate period were comparatively higher than the third
quartile values of those for the past period, which indicates
that floods with a larger inundation area and a higher flood
depth may frequently occur in the future.

Figure 9 shows the boxplots of calculated damaged paddy
area and estimated rice-crop damage for the past and fu-
ture periods with different scenarios of rice growth stages,

https://doi.org/10.5194/piahs-386-127-2024
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maturity stage case for (a) past and (b) future periods (in million
rupiah per unit grid at approximately 920 m).
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(i.e., identified approximate rice growth stage during flood-
ing based on cropping calendar (IGS) and also assumed if
floods occur during the vegetative stage (VEG) or reproduc-
tive stage (REP) or maturity stage (MAT)). The figure shows
that the first or third quartile values of the calculated dam-
aged paddy area and the estimated rice-crop damage for the
future period (RCP8.5) were comparatively higher than the
first or third quartile of those for the past period. The re-
sults indicate that rice paddies will be frequently affected
by highly damaging floods in the future. The average rice
crop damage per year is approximately two times higher at
all growth stages for the future period than for the past pe-
riod, suggesting that rice crop damage can be more serious
in the future due to climate change.

Figure 10 shows the comparison of the spatial distribution
of the average rice crop damage (in million rupiah per unit
grid at approximately 920 m) at the maturity stage case for
the past and future periods. The results show that the rice
crop damage in the future will be more severe in the areas
farthest downstream of the basin and immediately upstream
of the Madiun River confluence point.

6 Conclusions

We explored the relationship between extreme rainfall and
damaged paddy area and assessed flood damage to rice crops
under climate change scenarios. The findings show a strong
correlation between extreme rainfall and damaged paddy
area in the historical period. The results also show that flood
inundation and rice crop damage might be more severe due
to climate change in the future under the RCP8.5 scenario
than in the historical period. The findings indicate that floods
with a larger inundation area and a higher flood depth may
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frequently occur in the future. The rice paddies might be
frequently affected by floods, suffering severe crop damage.
To reduce such rice crop damage in the future, the develop-
ment and implementation of adaptation measures and land-
use plans are necessary. Using flood submergence-tolerant
rice varieties in flood-prone areas or changing the timing of
rice cultivation could also help to reduce rice crop damage in
the future. The findings of this study can be useful in chang-
ing agricultural practices under climate change.

Data availability. The DEM data are available at https://www.
hydrosheds.org/hydrosheds-core-downloads (Lehner et al., 2008).
The damaged paddy area data are available from the DFCP (2010),
and the hydro-meteorological data from the Ministry of Public
Works and Housing, Indonesia. The data is not available directly.
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