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ABSTRACT 

 
Climate change will cause changes in rainfall patterns and drought frequency and 
both will impact on water management and crop production. This is a critical issue in 
agriculture industry. In addition, water supply has inter-relationship with crop 
production which indicates water productivity. Therefore, it is important to assess 
overall impacts of climate change on water resource and crop production. “Water 
footprint” is an indicator of water use in relation to crop yield. It generally breaks down 
three components depending on water resources: green, blue, grey water. This study 
analysed the water footprint of the impacts caused by climate change on paddy rice in 
South Korea. In this study, Medium-late rice maturity type and future climate data was 
collected from HadGEM3-RA based on RCP8.5 scenario from 2010 to 2099. Suwon 
(Gyeonggi province) and Jeonju (Jeonbuk province) were selected as a study area. 
The FAO-Aqua Crop 5.0, a water-driven crop model, was calibrated for the baseline 
(1996-2015). Model was validated by Mann-Whitney U test and was used to simulate 
rice yield for future period. The means of water footprint are projected to increase by 
55% (2020s), 51% (2050s) and 48% (2080s), respectively, from the baseline value of 

767㎡/ton in Suwon. For Jeonju, total water footprint was projected to increase by 46% 

(2020s), 45% (2050s) and 12% (2080s), respectively, from the baseline value of 

765㎡/ton. However, the climate change data include uncertainty of GCMs, thus the 

uncertainty of estimated water footprint was analysed. The results of this study could 
provide basic data for agricultural water management to cope with climate change. 
 
Keywords: FAO-Aqua Crop, Water footprint, Green water, Blue water, Climate 
change. 
 

1. INTRODUCTION 
 
Agriculture is the largest user of water and the most sensitive industry because 
climate change impact influences on rainfall pattern and drought (Yoo et al., 2015). 
Climate change is a critical issue in paddy rice cultivation. In Korea, rice is a staple 
crop and Korea use a ponding system for paddy field, which requires a significant 
amount of water (Lee, 2013). As well as Korea, effects of climate change on rice 
production are of particular concern in most of Asia because it is the staple food 
(Zhang et al., 2010). In addition, crop productivity and phenology are influenced due 
to the increase in temperature and high CO2 concentration (Sim et al, 2010). 
Consequently, climate change affects the water and crop productivity. So it is 
important to consider two components at the same time. In this respect, the water 

                                                
1 Department of Rural Systems Engineering, Seoul National University, Seoul 08826, Republic of Korea; 

E-mail: bmb0515@snu.ac.kr 

2 Department of Rural Systems Engineering and Research Institute for Agriculture & Life Sciences, Seoul 
National University, Seoul 08826, Republic of Korea; E-mail: iamchoi@snu.ac.kr 

3 Texas A&M University, Biological and Agricultural Engineering, United States of America; E-mail: 
sanghyun@tamu.edu 

4 Department of Rural and Bio-system Engineering College of Agricultural and Life Science, Gwangju 
61186,Republic of Korea; E-mail: yoosh15@jnu.ac.kr 

mailto:bmb0515@snu.ac.kr
mailto:iamchoi@snu.ac.kr
mailto:sanghyun@tamu.edu
mailto:yoosh15@jnu.ac.kr


2nd World Irrigation Forum (WIF2) 
6-8 November 2016, Chiang Mai, Thailand 

W.2.3.05 

 

 
2 

 

footprint concept can be used as an indicator to analyse the inter-relationship 
between water use and crop yield. A water footprint generally breaks down into 
3components: the blue, green and grey water footprint (Chapagain and Hoekstra, 
2011). The green water footprint is the volume of water evaporated from green water 
resources (rainwater stored in the soil) (Lee, 2013). The blue water footprint is the 
volume of freshwater that is evaporated from the blue water resources (surface and 
ground water) (Lee, 2013). The grey water footprint is the volume of polluted water, 
which is quantified as the volume or water required to dilute pollutants to such an 
extent that the quality of the ambient water remains above agreed water quality 
standards (Yoo et al, 2014). By analysis the paddy ricewater footprint for the future 
periods, these results are expected to be useful for paddy water management and 
operation of water supply systems, specifically establishment of water saving policy 
(Lee, 2013). 
 

2. METRIALS AND METHODS 
 
2.1  Study area 

 
Korea lies in the Far East and covers an area of about 45% of the Korean peninsula 
(98, 47𝑘𝑚2), with altitude between 0m and 1,950m amsl. Korea has Asian monsoon 
climate (Nkomozepi and Chung, 2013). Rice is the main staple crop in Korea. 
Approximately 80% of the paddy in Korea is irrigated (Yoo et al, 2014). The rice 
growing period is from May to September. Irrigation water is supplied from May and to 
September to keep the water depth at 6cm and rice is harvested in late October (Yoo 
et al, 2014). The climate, soil texture, agricultural management and yield data are 
representative of various environment condition in paddy field of Suwon and Jeonju. 
The Suwon (35° 49’N, 127° 09’E) and Jeonju (37° 16’N, 126° 59’E) was selected for 
this study to reflect farm management practice. Since two areas are different 
agricultural climate zones, Suwon and Jeonju apply the different transplanting date 
and agricultural period. Generally, transplanting date of is 17th May and 25th May, 
respectively, Suwon and Jeonju. Standard date of transplanting was on Medium-late 
rice maturity type and RCP8.5 scenario was applied to weather data for future climate 
change at two sites in Korea (Lee et al., 2011). 
 
2.2  Climate data based on RCP scenarios (HadGEM3-RA, RCP8.5) 
 
A climate change scenario was used in this study. Historical climate and future 
climate data (HeadGEM3-RA, RCP8.5)were provided by the Korea Meteorological 
Administration (KMA).The Climate data includes daily temperatures, rainfall, wind 
speed, relative humidity and sunshine hours for Suwon and Jeonju (Nkomozepi and 
Chung, 2014). There are four RCP Scenarios: 2.6, 4.5, 6.5, 8.5, of the 4 RCPs, only 
RCP 8.5 scenario was used for 1980-2009 (base line), 2010-2039 (2020s), 2040-
2069 (2050s), 2070-2099 (2080s) were extracted from an online database. These 
daily climate data for baseline (1980-2009) and three time periods (2020s, 2050s, 
2080s) were used as inputs to the AquaCrop model. 
 
2.3  Simulation of paddy rice yield using FAO-AquaCrop5.0 

 
Aqua Crop model was chosen in this study because the model can use few 
parameters. Besides, Aqua Crop is preferable because a less complex structure is 
assumed and the number of input parameter is reduced by the use of a linear relation 
between biomass growth and transpiration through a water productivity parameter 
(Chung, 2010). Aqua Crop model has a structure that overarches the soil-plant-
atmosphere continuum (Raeset al, 2011). It includes the soil, with its water balance; 
the plant, with its development, growth and yield processes; and the atmosphere, with 
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its thermal regime, rainfall, irrigation, evaporative demand and carbon dioxide 
concentration (Chung, 2010). Output includes crop growth, soil water balance, and 
yield and water productivity (Chung, 2010). Model calibration and Validation is 
required and generally involves the alteration of parameters to compare simulated 
values with observed values. The Aqua Crop model, when calibrated and validated is 
suited for studies of future climate change because of its descriptive realism and 
reasonably good predictive power shown in various environments (Nkomozepi and 
Chung, 2011). Observed yield values for evaluation period were obtained from the 
Korean Statistical Information Service (KOSIS). AquaCrop was statistically calibrated 
for the baseline (1990s). The maximum potential yield was simulated for the observed 
period (1996-2015) and future periods. The Mann-Whitney U test was used to 
evaluate the adjusted Aqua Crop simulated yield values. The adjusted simulated yield 
showed Mann-Whitney Crop response was simulated under irrigation for the baseline 
and future scenarios.  
 

Table 1. Result of model validation by Mann-Whiteny U test (1996-2015) 

 

Regions Observed Yield(ton/ha) Simulated Yield(ton/ha) 

SUWON 6.3 6.2 

JEONJU 6.8 6.8 

 
2.4 Estimation of water footprint through crop water requirement and crop 

yield 

 
The principle of calculate the Water footprint: At first crop water requirements Eta 
(mm/day) are calculated from the climatic data (ET) adjusted with crop coefficients by 
using FAO-Penman Monteith equation (Lee, 2013 and Yoo et al, 2014). In Korea, 
Paddy rice is mainly cultivated in ponding system and irrigation water is supplied in 
order to keep optimal depth water for each growth stage (Lee, 2013). It considers 
daily water balance method by depth of flooding water (Yoo et al, 2014). Calculated 
crop water requirement conception means the amount of water use. And also crop 
water requirement and crop water use are same meaning. Through application of 
effective rainfall by changing depth of flooding water, crop water requirement can be 
divided into green water use (GWU) and blue water use (BWU). GWU means 
effective rainfall and BWU indicates the water supply from the reservoirs or 
groundwater for maintain the optimal depth of ponding water for each growth stage. 
These two crop water requirement is divided with crop yield which mean Green water 
footprint (effective rainfall) and Blue water footprint, respectively.  
 

3. RESULTS AND DISCUSSION 
  
3.1 Estimation of effective rainfall and irrigation water requirement in paddy 

fields under climate change (HadGEM3-RA, RCP8.5) 
 
Figure 1 and Table 2 shows the change in the simulated crop water requirement was 

projected to increase in the future scenario. There is anincreasing trend for the Green 

water use except for 2020s (-7%) in Suwon. In Jeonju, the amount of effective rainfall 

was decrease for 2020s (-1%) and 2050s (-7%) period. Generally, the use of green 

water showed the constant trend in the all periodscompared to the blue water 

use.This result indicates that the amount of green water change during irrigation 

period in the future scenario. Compared to green water use, the amount of irrigation 
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water use shows continuing increasing trend all periods.The Blue water use of Suwon 

increases from the baseline values, peaks in the 2050s and slightly declines towards 

the 2080s. In case of Jeonju, Blue water use was projected to increase all periods. 

These results indicate that blue water use to produce rice yield will be more 

dependent than green water use in the future environment (Lee, 2013). 

 

 
 

Figure 1. Consumptive water use and yield under climate change scenario 
(HadGEM3-RA, RCP8.5) 

 

Table 2.Consumptive use of water under climate change scenario  
(HadGEM3-RA, RCP8.5) 

 

Region Period 
Crop Water Use 

(mm) 
Green Water Use 

(mm) 
Blue Water Use 

(mm) 

SUWON 

Baseline 530 189 341 

2020s 
582 

(+10%) 
177 

(-7%) 
405 

(+19%) 

2050s 
608 

(+15%) 
193 

(+2%) 
415 

(+22%) 

2080s 
630 

(+19%) 
216 

(+14%) 
414 

(+21%) 

JEONJU 

Baseline 520 192 328 

2020s 
606 

(+17%) 
190 

(-1%) 
416 

(+27%) 

2050s 
642 

(+23%) 
178 

(-7%) 
464 

(+41%) 

2080s 
646 

(+24%) 
194 

(+1%) 
452 

(+38%) 

 
3.2 Simulation of yields of paddy rice under climate change (HadGEM3-RA, 

RCP8.5 scenario) 
 
The simulated rice yield of Suwon and Jeonju were 6.9 ton/ha and 6.8 ton/ha, 
respectively, for the baseline. Figure 1 and Table shows the change in the simulated 
paddy rice yield was projected to increase in the future scenario. The potential rice 
yield was projected to decrease by 1% (2020s) and increased by5% (2050s), % 
(2080s) in Suwon. In case of Jeonju, the potential rice yield was projected to increase 
by 11% (2020s), 19% (2050s), 54% (2080s), respectively. There is a continuing 
increasing trend for the rice yield. As a result of increased yield of rice, there is strong 
agreement between the RCP 8.5 scenario on the future rice yield as shown results. In 
general, the rice crop was predicted to benefit from the increasing temperature and 
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atmospheric CO₂ concentration (Nkomozepi and Chung, 2013). Table 4 and Figure 2 

Rice yield will increase in the future with theCO₂fertilization and increased 

temperatures. Especially, CO₂ concentration can affect both the growth and water 

use of plants through its first-order effect on photosynthesis and transpiration 
(Nkomozepi and Chung, 2012;2013; 2014, Song et al., 2014). As well as having 
direct effects on vegetation and biomass, it is also the major greenhouse gas 
associated with global climate change. 
 
Table 3. Yield of Paddy rice under climate change scenario (HadGEM3-RA, RCP8.5) 

 

Region Period 
Yield of paddy rice 

(ton/ha) 
% 

SUWON 

Baseline 6.9 - 

2020s 6.8 -1 

2050s 7.3 +5 

2080s 7.7 +11 

JEONJU 

Baseline 6.8 - 

2020s 7.5 +11 

2050s 8.0 +19 

2080s 10.5 +54 

 
 
3.3 Analysis of climate change impacts on green and blue water footprint 

(HadGEM3-RA, RCP8.5 scenario) 
 

 
Figure 2. Total water footpront under climate chage scenario  

(HadGEM3-RA, RCP8.5) 
 
At first, the results of Suwon showed that the Water footprint after transplanting was 
projected to increase by 55% (2020s), 51% (2050s) and 48% (2080s), respectively, 

from the baseline value of 767㎡/ton. Total water footprint of Suwon is a continuing 

increasing trend for 2020s and 2050s and slightly declines towards the 2080s. In case 
of Jeonju, total water footprint was projected to increase by 46% (2020s), 45% 

(2050s), 12% (2080s), respectively, from the baseline value of 765 ㎡/ton and 

increasing trend peaks in 2020s and slightly declines in 2050s and 2080s periods. 
The trend patterns shown by water footprint can be attributing to the increases in crop 
water requirement (consumptive water use) and yield. Water foot print of two regions 
was predicted continuing increasing trend for the all periods. However, there is a 
critical difference between Suwon and Jeonju, especially 2080s period. Water foot 
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print of Jeonju in 2080s period, result showed that decreased by 855 ㎡/ton from 

2020s and 2050s periods. This result was considered by increasing crop yield 
causing the decrease in water footprint. 
 

Table 4. Total Water footprint of Paddy rice under climate change scenario 
(HadGEM3-RA, RCP8.5) 

 

Region Period 
Total water footprint 

(𝑚3/ton) 
% 

SUWON 

Baseline 767 - 

2020s 1,186 +55 

2050s 1,159 +51 

2080s 1136 +48 

JEONJU 

Baseline 765 - 

2020s 1117 +46 

2050s 1105 +45 

2080s 855 +12 

 
Overall, Green water footprint showed the increasing trend in the 2020s, 2050s and 

2080s period compared to the baseline. Approximately 274 (𝑚3/ton) of green water 
footprint in Suwon and 282 (𝑚3/ton) of green water footprint in Jeonju were estimated 
in the baseline period. The means of green water footprint was projected 373 (𝑚3/ton) 
in Suwon and 307(𝑚3/ton) in Jeonju. Compared to the blue water footprint, these 
results showed that increasing ratio almost was not change from 2020s to 2080s. 
There was a decreased result that green water footprint was in Jeonju only 2080s (-
9%). In overall, climate change impact influenced the increase of green water 
footprint in the future predictions. Climate change projections for Suwon and Jeonju 
generally indicate that the Blue water footprint increase in the all periods. In Suwon, 
the means of Blue water footprint were projected to increase by 67% (2020s), 60% 
(2050s), 51%(2080s), respectively. Jeonju show those Blue water footprints were 
projected to increase by 59%, 66%, 24% for the 2020s, 2050s and 2080s, 

respectively. On overage, Blue water footprint was estimated to be 788 (𝑚3/ton) in 
Suwon and 721 (𝑚3/ton) in Jeonju in the future period. 
 

Table 5. Green water footprint and Blue water footprint under climate change 
scenario (HadGEM3-RA, RCP8.5) 

 

Region Period 
Green water footprint 

(𝑚3/ton) 
% 

Blue water footprint 

(𝑚3/ton) 
% 

SUWON 

Baseline 274 - 493 - 

2020s 360 +32 826 +67 

2050s 368 +35 790 +60 

2080s 390 +42 747 +51 

JEONJU 

Baseline 282 - 483 - 

2020s 351 +24 766 +59 

2050s 306 +9 799 +66 

2080s 257 -9 598 +24 
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4. CONCLUSIONS 
 
This study presented predictions of the impact of climate change on water footprint on 
paddy rice yield and water use using climate data generated by KMA HeadGEM3-RA 
(RCP8.5). The FAO-AquaCrop model was statistically calibrated (adjusted) for the 
1996 to 2015 climate. Aqua Crop was run for the 1990s (1980-2009), 2020s (2010-
2039), 2050s (2040-2069) and 2080s (2070-2099). Generally, the rice crop was 
predicted to benefit from the increasing temperature and atmospheric 
CO₂concentration. Overall, rice yield was projected to increase by up to 11% by 2099 
in Suwon and up to 54% by 2099 in Jeonju. These results of this study imply that the 
higher CO₂concentration projectiles (RCP8.5) showed larger increase in yield. The 
consumptive water use was also projected to increase by an average of 10%, 15% 
and 19% in the 2020s, 2050s and 2080s, respectively, in Suwon. In case of Jeonju, 
consumptive water use was projected to increase by an average 17%, 23% and 24% 
in the 2020s, 2050s, 2080s respectively. As well as increase on the yield and 
consumptive water use, consequently water footprint increase in the future. The 
means of water footprint are projected to increase by 55%, 51%, 48% for the 2020s, 
2050s and 2080s, respectively, in Suwon. In case of Jeonju, means of water foot print 
are projected to increase by 46% (2020s), 45% (2050s) and 12% (2080s). As a result, 
not only increase in crop water use but also increase in paddy rice yield. It is 
necessary to analyze relationship regarding on crop water use and yield. Through 
water footprint conception such as green water and blue water. As shown in the 
paper, changes in water footprint due to climate change have more profound changes 
in crop water requirements and rice yield that those attributed to climate change 
impacts. In light of results, more crop water requirement is required in order to 
produce paddy rice yield in the future compared to the base line. The increase in blue 
water use was even greater green water for the all periods. It indicates that effective 
rainfall is not enough to produce the paddy rice yield so crop water requirement will 
be more dependent on irrigation water. These results are expected to be useful for 
paddy water management and operation of water supply systems. Water footprint 
concept can analyse the water requirements in paddy as well as improve green water 
efficiency increase and blue water saving (Lee, 2013).This study will encourage 
similar analyses for other crops and regions to determine and helphow can reduce 
water blue water use and increase green water use in the future. 
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