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PROJECTING FUTURE PADDY IRRIGATION 
DEMANDS IN KOREA

PROJECTION FUTURE DES BESOINS EN IRRIGATION 
DU RIZ PADDY EN COREE

Chung, Sang-Ok1

ABSTRACT

The impacts of climate change on paddy irrigation water demands in Korea have been 
analyzed. High-resolution (27 x 27 km) climate data for the SRES A2 scenario produced 
by the Korean Meteorological Research Institute (METRI) and the observed baseline 
climatology dataset were used. The outputs from the ECHO-G GCM model were 
dynamically downscaled using the MM5 regional model by the METRI. The Geographic 
information system (GIS) was used to produce maps showing the spatial changes in 
irrigation water requirements for rice paddies. The results showed that the growing season 
mean temperature for future scenarios was projected to increase by 1.50C (2020s), 
3.30C (2050s) and 5.30C (2080s) as compared with the baseline value (1971-2000). The 
growing season rainfall for future scenarios was projected to increase by 0.1% (2020s), 
4.9% (2050s) and 19.3% (2080s). Assuming cropping area and farming practices remain 
unchanged, the total volumetric irrigation demand was projected to increase by 2.8% 
(2020s), 4.9% (2050s) and 4.5% (2080s). These projections are contrary to the previous 
study that used HadCM3 outputs and projected decreasing irrigation demand. The main 
reason for this discrepancy is the difference with the projected rainfalls of the GCMs used. 
The temporal and spatial variations were large and should be considered in the irrigation 
water resource planning and management in the future.

Key words: Paddy irrigation, Climate scenarios, South Korea, Irrigation planning.

RESUME ET CONCLUSIONS

Les impacts du changement climatique sur les besoins en eau d'irrigation du riz paddy dans 
la République de Corée ont été analysés. Le riz est le principal aliment de base en Corée et 
est cultivé en général en monoculture de mai à septembre. Mai est la période des pépinières 
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et les plants sont repiqués en fin mai. L'eau d'irrigation est fournie de mai à septembre pour 
maintenir la lame d'eau entre 5 à 10 cm et le riz est récolté en fin octobre.

Des données sur le climat à haute résolution (27 x 27 km) pour le scénario SRES A2 produit 
par l'Institut coréen de recherche météorologique (METRI) avec celles observées sur la 
normale de climatologie ont été utilisées. Les résultats du modèle MCG ECHO-G ont été 
déduits dynamiquement à l'aide du modèle régional MM5 de METRI. Les projections sont 
mensuelles pour la période de l'année 2001-2100. La moyenne mensuelle des données 
centrées sur les décades des années 2020 (2010-2039), 2050 (2040-2069) et 2080 (2070-
2099) ont été utilisés pour faire une moyenne des valeurs mensuelles tous les 30 ans.

L'exigence en irrigation du paddy a été estimée avec l’utilisant du modèle CROPWAT. 
L'évapotranspiration de la culture de référence (ETo), les pluies effectives, les coefficients 
de cultures et allocations d'eau pour les pertes d'infiltration et la préparation des terres ont 
été considérés. Étant donné que seules les données sur la  température étaient disponibles, 
l'équation de Hargreaves ETo a été utilisée. ETo a été calculée pour chaque pixel en utilisant 
la normale et les températures mensuelles de départ prévues pour les années 2020, 2050 
et 2080.

Le système d'information géographique (SIG) a été utilisé pour produire des cartes montrant 
la variation spatiale des exigences en eau d'irrigation du riz paddy. Les exigences d'irrigation 
ont été calculés pour huit (8) provinces. Les résultats ont montré que la température moyenne 
de la saison de culture pour les futurs scénarii devrait augmenter de 1,5 ° C (années 2020), 
3,3 ° C (années 2050) et 5,3 ° C (années 2080) par rapport à la normale (1971-2000). La 
pluviométrie de la saison de culture des futurs scénarii prévoit une augmentation de 0,1 % 
(années 2020), 4,9 % (années 2050) et 19,3 % (années 2080). La moyenne de la normale 
ETo est de 509,0 mm et dans le futur son augmentation est prévue pour 3,8 % (années 
2020), 8,6 % (années 2050) et 13,8 % (années 2080). Puisque ETo prévoit une augmentation 
plus que la pluviométrie effective, donc les exigences d'irrigation vont augmenter pour les 
futurs scénarii. En supposant zone de culture et pratiques agricoles restent inchangées, la 
demande totale volumétrique d'irrigation prévoit une augmentation de 2,8 % (années 2020), 
4,9 % (années 2050) et 4,5 % (années 2080). Les variations temporelles et spatiales étaient 
grandes et devraient être considérées dans la planification des ressources en eau d’irrigation 
et la gestion dans l'avenir. Les résultats ont de nombreuses incertitudes et limites dues par 
le scénario SRES et l’incertitude du modèle MCG avec d’autres hypothèses. Même si les 
valeurs absolues des besoins en irrigation ne sont peut-être pas très fiables, cette étude 
marque des progrès importants dans la façon dont les changements climatiques pourraient 
affecter les besoins en irrigation du riz paddy en Corée du Sud.

Mots clés: Irrigation du riz paddy, scénarios du climat, Corée du sud, planification d’irrigation.

(Traduction française telle que fournie par les auteurs)

1. introduction

Climate change will affect temperature and rainfall patterns (IPCC, 2007), which will impact 
irrigation water requirements. Agricultural water use constitutes about 47% of the total water 
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usage in South Korea (MOCT, 2006). Most of the agricultural water expenditure in Korea is 
for irrigating paddy rice, thus efficient irrigation water management is very important.

Many studies have been done on the climate change impacts on irrigation water requirements 
worldwide. Doll (2002) studied long-term average irrigation requirements using two GCM 
(ECHAM4 and HadCM3) outputs, and projected that two-thirds of the area equipped for 
irrigation in 1995 would possibly experience increased water requirements. De Silva et al. 
(2007) studied the impacts of climate change on paddy irrigation in Sri Lanka and found 
that average rainfall would decrease and potential evapotranspiration (ETo) and average 
paddy irrigation requirements would increase in the future. Rodríguez Díaz et al. (2007) did a 
similar study for field crops in Spain and projected a significant increase in irrigation demand 
for 2050s. Thomas (2008) used a regression method to predict the irrigation demand in 
China for the year 2030 by using long-term observed monthly climate data. He found that 
irrigation demand showed considerable temporal and spatial variations during the period of 
1951–1990, and that irrigation demand was projected to increase with a varied pattern and 
the subtropical cropping zone was projected to enlarge for the future scenarios. Matthews 
et al. (1997) predicted climate change impact on rice production in Asia using two crop 
models (ORYZA1 and SIMRIW), and found that rice production would decrease on average 
by 3.8% in the next century. Tao et al. (2006, 2008) predicted that rice production would 
face challenges from global warming and water shortages. The impact of global warming 
has become a key concern, and many researchers have studied climate change impacts 
on rice production in Asia using crop models (e.g., Matthews et al., 1997, Yao et al., 2007, 
Hayashi & Jung, 2000). In Korea, concerning climate change modeling, several studies have 
been done using the MM5 and RegCM3 regional models along with ECHO-G GCM model 
outputs for  Special Report on Emission Scenarios (SRES) A2 scenario (e.g., METRI, 2004; 
Oh et al., 2004; Im et al., 2007). Chang et al. (2007) studied the vulnerability of Korean water 
resources to climate change and Bae et al. (2008) studied potential changes in Korean water 
resources. Both researchers used high-resolution climate data produced by downscaling the 
ECHO-G outputs using the MM5 regional climate model (RCM) for the SRES A2 scenario 
(METRI, 2004). They found that runoff would increase in the northern part and decrease in 
the southern part of South Korea and that spatial and temporal variation would increase. 
Yoo and Kim (2007) studied impact of climate change on rice production in Korea using the 
CERES-rice model for the MM5 simulation results of SRES A2 scenario and found that the 
rice production would decline about 16.5% on average in the 2080s. Chung (2009a,b) studied 
climate change impacts on paddy irrigation water requirement in the Nakdong river basin and 
Chung et al. (2011) studied the impacts of climate change on the irrigation water demand 
for paddy in Korea using downscaled HadCM3 outputs for the SRES A2 and B2 scenarios. 
They found that the projected irrigation water demand would vary between scenarios 
and decrease in general with large temporal and spatial variability. The objective of this  
research is to assess the impacts of climate change on paddy irrigation water demand in 
the Republic of Korea by using high-resolution climate simulations. The projected irrigation 
demands from this study were compared with the results of a previous study that used 
HadCM3 outputs.
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Fig. 1. Map of South Korea with 8 provincial major rice areas (Carte de la Corée du Sud avec 
les 8 zones majeures provinciales du riz)

2. MAtEriALS And MEtHodS

2.1. Study area and rice culture

The Republic of Korea is located in the Far East between China and Japan (33° N, 125° E 
to 39°N, 131° E) with land area of 9.97 x106 ha, of which 17.9 % is farmland and 64.0 % is 
forest (MFAFF, 2008a). Farmland comprises 1.07 x106 ha (10.8 %) paddy and 0.71 x106 ha 
(7.1 %) upland field. It was reported that 0.95 x106 ha was planted to japonica variety rice 
(Oryza sativa L.) and 4.41 million metric tons of rice were produced in Korea in 2007 (MFAFF, 
2008b). Rice is the main staple food in Korea. The climate of Korea is Asian monsoon with 
an annual mean temperature 12.2 °C and a 1,274 mm mean precipitation. Two thirds of the 
annual precipitation falls in summer months, June to September. The rice growing period is 
from May to September and monoculture is the general practice. May is the nursery period 
and seedlings are transplanted in late May. Irrigation water is supplied from May to September 
to keep the water depth at 5-10 cm and rice is harvested in late October. Fig. 1 shows major 
paddy growing regions within the 8 provinces. About 70 % of the total paddy fields lie in the 
west and south lowlands and the rest in valleys between mountains (Chung et al., 2011).  
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2.2. climate scenarios

Despite rapid advances in the GCM models, their outputs generally show some biases in 
climate prediction. Temperature is generally well represented, but precipitation less so (Bae et 
al., 2007). In this study, the climate data produced by METRI (2004) and the observed baseline 
(1971-2000) monthly mean values were used. METRI used the MM5 model developed by the 
Pennsylvania State University/National Center for Atmospheric Research to downscale the 
ECHO-G outputs for the A2 scenario. ECHO-G was developed by the Max-Planck Institute 
for Meteorology and is one of the 23 atmosphere-ocean general circulation models (AOGCMs) 
used for the IPCC 4th assessment report (IPCC, 2007). The downscaled climate data have 
27 x 27 km of high-resolution over Korea. Since high-resolution data of mean monthly 
precipitation and temperature were available, these two climate parameters were used in this 
study. The A2 scenario represents strong economic values under increasing regionalization 
(IPCC-TGICA, 2007). The projections are monthly for 2001-2100 year periods. We used 
mean monthly data centered on the decades of 2020s (2010–2039), 2050s (2040–2069) 
and 2080s (2070-2099) by averaging each 30 year monthly values.

The projected changes in climate need to be considered relative to observed baseline values. 
A baseline climate dataset observed at 58 weather stations for 1971-2000 was used. The 
observed climate parameters are averaged monthly values of the mean, maximum, minimum 
temperatures, precipitation, sunshine, wind speed and humidity.

As the resolutions of the MM5 outputs and observed climate data are not the same, an 
interpolation technique was applied to generate baseline climate data at MM5 grid pixels. Then, 
the relative changes of the MM5 simulated average monthly temperature and precipitation 
for the future scenarios as compared with those of baseline (1971-2000) were computed. 
Finally, the relative changes were applied to the generated baseline data to obtain projected 
future climate data. These climate data were used in ETo calculations for each month from 
May to September at each pixel. 

2.3. Estimating volumetric irrigation demand

The paddy irrigation requirement is defined as the depth of water required for the rice growing 
per unit area, and paddy irrigation demand is volume of water obtained by multiplying the 
irrigation requirement and paddy area. The former includes crop ET, deep percolation and 
land preparation water less effective rainfall, and it does not include other water losses. The 
effective rainfall is the portion of total rainfall that is used directly in the paddy field, i.e. total 
rainfall less losses due to surface runoff and deep percolation. 

The paddy irrigation requirement can be estimated using a water balance model such as 
CROPWAT developed by the Food and Agriculture Organization (Smith, 1992). The model 
requires data such as rainfall, reference crop evapotranspiration (ETo), crop coefficients, 
and water allowances for land preparation and seepage losses. The ETo was calculated 
for each pixel using the baseline and projected temperature dataset for 2020s, 2050s and 
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2080s. Since only temperature data were available, the Hargreaves ETo equation is used as 
recommended by Allen et al. (1998):

ETo = 0.0023 (Tmean + 17.8) (Tmax – Tmin)
0.5 * Ra     (1)

where ETo is reference evapotranspiration (mm day-1), Tmean, Tmax, Tmin are monthly mean, 
maximum, and minimum temperatures (°C), and Ra is extraterrestrial radiation (mm day-1). 
For the irrigation requirement calculation, there are many grid points rather than one point, 
therefore, we used a spreadsheet model to replicate the CROPWAT methodology following 
De Silva et al. (2007). The mean monthly values of rainfall, ETo, percolation, land preparation 
allowance and crop coefficient were input into the spreadsheet model and the paddy  
water requirements were calculated across Korea. Land preparation water of 140 mm and 
nursery area of 5 % of the total paddy area were used following the design standards (MOAF 
1998).

The volumetric irrigation demands for 8 provinces were computed. The irrigation demand is 
for the average year and water losses are not included. The computed irrigation requirements 
were average values in the major paddy regions in each province. Then, they were multiplied 
by the paddy area of each province to get the provincial volumetric irrigation demand. Then, 
changes of paddy irrigation demand for the future scenarios in each province and whole 
country were analyzed.

2.4. Mapping irrigation water requirements

The precipitation and paddy irrigation requirement gridded data for the baseline and future 
scenarios were imported into a GIS. Then, a series of raster maps showing the spatial variation 
in precipitation and paddy irrigation requirements for the baseline and future scenarios were 
produced. 

3. rESuLtS And diScuSSion

3.1. climate change projection

The spatial variations of rainfall in Korea during the growing season (May to September) for 
the baseline and 2020s, 2050s and 2080s for A2 scenario are shown in Fig. 2. Table 1 shows 
the rainfall amounts during the growing season for the baseline and future scenarios in the 
8 provincial rice areas. Average growing season rainfall amounts were projected to increase 
by 0.1 % (2020s), 4.9 % (2050s) and 19.3 % (2080s) as compared with the baseline (1971-
2000). However, the effective rainfall amounts were projected to increase by 5.8 % (2020s), 
4.0 % (2050s) and 11.0 % (2080s) since the larger the rainfall amounts are, the smaller the 
effective rainfall ratios are. The 2080s scenario showed the largest increase in rainfall volume. 
The rainfall amounts in southern provinces were projected to either increase little or decrease 
for 2020s and 2050s and to increase significantly in the 2080s. The growing season mean 
temperature for the baseline was 21.3 °C and it was projected to increase by 1.5 °C (2020s), 
3.3 °C (2050s) and 5.3 °C (2080s).
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Fig. 2. Spatial variation in mean growing season rainfall (Variation spatiale en moyenne de la 
saison pluviale de culture)

Table 1. Comparison of predicted rainfall during the growing season (May to Sept.) for the 
future scenarios in the 8 provincial paddy areas(Comparaison prévisions pluviométriques 
durant la saison de culture (mai à septembre) pour les futurs scénarii dans les 8 zones 
provinciales du paddy)

3.2. Paddy irrigation demand

Average baseline ETo was 509.0 mm and the future ETo was projected to increase by 3.8 % 
(2020s), 8.6 % (2050s) and 13.8 % (2080s). Since the ETo was projected to increase more 
than the effective rainfall the irrigation requirements increased for the future scenarios. In 
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addition, the spatial variation of paddy irrigation requirements was large as shown in Fig. 3. 
The southern and northeastern parts of the country have the smallest irrigation requirements, 
while the east central region has the largest. Table 2 shows the irrigation requirements and 
volumetric irrigation demands for the baseline and future scenarios in the 8 provincial rice 
regions. The projected provincial irrigation demands vary from -4.1 % to 8.1 % from the 
baseline values excluding 2080s Gangwon province that showed 18.4 % increase. However, 
the paddy area in Gangwon province is only 4.4 % of the total paddy area in Korea, the 
influence of Gangwon province will be minimal to the national irrigation water demand. Total 
irrigation demand for the baseline was 4,283x106 m3 and future demands were projected to 
increase by 2.8 % (2020s), 4.9 % (2050s) and 4.5 % (2080s). These projections are contrary 
to the previous study (Chung et al., 2011) that had used the HadCM3 outputs and projected 
decreasing irrigation demand. The main reason for this discrepancy is the difference in the 
projected rainfalls of the GCMs used. The temporal and spatial variations were great as shown 
in Table 2 and Fig. 3 and should be considered in the irrigation water resources planning 
and management.

  

 

 

Baseline 2020s 

     
2050s 2080s Legend (mm) 

Fig. 3. Spatial variation in seasonal paddy irrigation requirements (Variation spatiale des 
exigences saisonnières de l'irrigation du paddy)
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Table 2. Comparison of predicted paddy irrigation requirement and volumetric irrigation 
demand for the baseline future scenarios in the 8 provincial paddy areas (Comparaison 
prévisions des exigences d'irrigation du paddy et demandes volumétriques d'irrigation pour 
les scénarii futurs par rapport à la normale dans les 8 zones provinciales du paddy) 

3.3. Monthly variations

Not only total seasonal values but also monthly values are important. Fig. 4 compares the 
projected average monthly values of temperature, rainfall, ETo and paddy irrigation requirement 
for the baseline and future scenarios. The average growing season temperature will increase 
consistently from baseline to future scenarios. The growing season mean temperature for 
the baseline was 21.3 °C and it was projected to increase by 1.5 °C (2020s), 3.3 °C (2050s) 
and 5.3 °C (2080s). The ETo was projected to increase in response to the mean temperature 
increase for the future scenarios. The rainfall amount was projected to increase significantly 
during June through August in the 2080s. Some variations in paddy irrigation requirements 
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during July through September were projected among the scenarios. In May, most of the 
irrigation requirement is for land preparation prior to transplanting and therefore all the 
scenarios show similar values. In July, August and September irrigation requirements varied 
inconsistently due to the varying monthly rainfall amounts as shown in Fig. 4 (b).
Fig. 4 (d) shows that most of the irrigation requirements occur in May and June, whereas 
the extra rainfalls mainly occur in July and August. This coincides with the results of previous 
study that the rainfall and runoff increases will tend to come during the wet season and the 
extra water may not be available during the dry season in eastern Asia (Arnell, 2004). 
Since the rainfalls in May would not increase in the future, it is most likely that farmers will face 
water shortage during rice transplanting period, as they often did in the past. An adaptation 
strategy for paddy irrigation might be postponing the rice-growing period about a month to 
utilize excess rainfalls in July and August. However, this might not a good strategy with respect 
to the increased temperature impact on crop growth. Another one may be construction of 
more irrigation reservoirs to store excess rainfalls in July and August for the following year’s 
irrigation supply.
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Fig. 4. Comparison of monthly mean temperature, rainfall, ETo and paddy irrigation 
requirement for the baseline and future scenarios for the entire country (Comparaison 
température moyenne mensuelle, précipitations, ETo et exigences d’irrigation du paddy 
pour la normale et des scénarii dans l’avenir pour l'ensemble du pays)

3.4. Methodological limitations

This study depends on many assumptions as mentioned in Chung et al. (2011). The rice 
area, location and cultural practice were assumed to be unchanged. The impacts of higher 
temperatures and elevated atmospheric CO2 level on the growth rates and yields for rice were 
not included. The projected irrigation demands are for an average year, not for a design dry 
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year. More importantly, only one GCM outputs were used, thus the results are a small subset 
of large possible outcomes. Even though we compared the results of this study with the 
previous study using a different GCM, further research should include ensemble simulations 
produced by a number of different GCMs for the different SRES scenarios. The uncertainties 
of the SRES scenarios and GCM and RCM were not analyzed. Uncertainty analyses should 
be the priority for future studies

Despite these caveats, we feel that this study marks significant progress in how climate 
changes might affect paddy irrigation demands in South Korea. Even if the absolute values 
of the irrigation demands may not be highly reliable, the comparison of the results from this 
study and the previous study shows the uncertainty between GCMs used and the likely 
impacts of spatial variation and different changes across the country have been highlighted.

4. concLuSionS

The impacts of climate change on paddy irrigation demands in the Republic of Korea have 
been analyzed. Across the Korean peninsula, the growing season mean temperature for the 
baseline was 21.3 °C and was projected to increase by 1.5 °C (2020s), 3.3 °C (2050s) and 
5.3 °C (2080s). The ETo for the future scenarios was projected to increase in accordance with 
the temperature changes. The growing season rainfall for the future scenarios was projected 
to increase by 0.1 % (2020s), 4.9 % (2050s) and 19.3 % (2080s). Assuming cropping area 
and farming practices remain unchanged, the total volumetric paddy irrigation demand for 
the future were projected to increase by 2.8 % (2020s), 4.9 % (2050s) and 4.5 % (2080s) as 
compared with the baseline value. These projections are contrary to the previous study that 
used the HadCM3 outputs and projected irrigation demand to decrease. The main reason for 
this discrepancy is the difference in the projected rainfalls of the GCMs used. The temporal 
and spatial variations were large and should be considered in the irrigation water resources 
planning and management.
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