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transplanting season. In addition, 923.0 Mm3 of blue water 
savings can be expected in 2025. This study showed that 
appropriate change of transplanting season could mitigate the 
water requirements in paddy fields by optimizing phenology, 
improving green water efficiency, and blue water savings.

Introduction

Agriculture is the largest user of water among human activi-
ties: Irrigation water withdrawals are 70 % of the total human 
use of renewable water resources (Fisher et al. 2007). Irriga-
tion will remain critical in supplying cheap, high-quality 
food, and thus, the consumption of agricultural water will 
continue to increase during the coming decades (Comprehen-
sive Assessment of Water Management in Agriculture 2007). 
Water resources for agriculture can be classified into green 
and blue water. Green water has generally referred to the water 
that comes from precipitation, is stored in the soil, and subse-
quently fed back into the atmosphere through crop water evap-
oration (Falkenmark and Rockström 2006; Savenije 2000). 
Blue water refers to the water in rivers, lakes, reservoirs, 
ponds, and aquifers (Rockström 1999). Accordingly, rain-fed 
agriculture uses green water only, while irrigated agriculture 
uses both green and blue water (Liu et al. 2009). Therefore, 
the goal of water savings initiatives is to increase the efficiency 
of green water use and to decrease blue water use.

However, climate change will cause changes in rainfall 
patterns and drought frequency, likely increasing the vul-
nerability of agricultural water use. Particularly, paddy rice 
is one of the most dependent crops on irrigation water; for 
example, global average of green water footprint of paddy 
rice was 618 m3/ton but the blue water footprint was 720 m3/
ton (Chapagain and Hoekstra 2010). Several studies have 
evaluated the impact of climate change on paddy water 
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management and paddy rice phenology. De Silva et al. 
(2007) predicted the impact of climate change on paddy 
irrigation water requirements in Sri Lanka. The SRES sce-
narios were applied, and results suggested the average paddy 
irrigation water requirement increases by 23 % (A2) and 
13 % (B2). Thomas (2008) investigated the effects of cli-
mate changes on the irrigation water requirement in China 
and confirmed the effects of these changes on water balance 
components (rainfall, evapotranspiration, and soil moisture).

In addition, climate change could affect the irrigation 
water requirement and crop phenology simultaneously. 
Mahmood (1998) analyzed the impact of climate on rice phe-
nology in terms of its implications for irrigation requirement. 
Model applications showed that an increase in air tempera-
ture would provide longer and more stable thermal condi-
tions for rice maturation. A 5 % increase and a 4 % decrease 
in seasonal total evapotranspiration for each 1 °C decrease 
and increase in air temperature, respectively. Mainuddin et al. 
(2015) examined the spatial and temporal variations of irriga-
tion requirements and evaluated the impact of climate change 
on all major irrigated crops for the whole of Bangladesh.

These studies show that climate change could affect 
water management but also irrigation systems and phenol-
ogy. For example, the specific water requirements differ 
according to crop growth phase. If farmers were to alter 
their crop schedules in light of climate change characteris-
tics as an optimal transplanting strategy, they could achieve 
more efficient green water use and blue water savings. 
In other words, it is important to analyze the relationship 
between paddy water use and transplanting season to con-
sider the positive impacts of the change of transplanting 
season on water management in paddy fields.

The aim of this study was to evaluate the effects of cli-
mate change on the efficiency of green water use and blue 
water savings in paddy fields, based on the optimal trans-
planting season and growing period from 2010 to 2100 
under a climate change scenario. First, future climate data 
were collected from CanESM2 based on RCP scenarios 
from 2010 to 2100, and these data were downscaled using a 
bias correction method with climate data from 54 represent-
ative meteorological stations (Fig. 1). Second, the optimal 
transplanting season and growing period of paddy rice were 
determined using an accumulated temperature approach. 
Third, green and blue water uses were estimated via a water 
balance model based on the ponding system in paddy fields, 
and we evaluated the efficiency of green water use and blue 
water savings by applying the optimal phenology of paddy 
rice in light of climate change. Finally, these results were 
interpolated to eight administrative provinces in South 
Korea using inverse distance weighted interpolation, and we 
analyzed the regional difference in the efficiency of water 
savings, focusing on the southwest regions, which contain 
about 35 % of the paddy rice areas in South Korea (Fig. 1).

Paddy rice and climate change in South Korea

The climate situation is dependent on the country and irri-
gation system of the paddy field. Rice is a staple cereal 
crop and occupies approximately 60 % of the farmland in 
South Korea. In addition, over 80 % of total paddy fields 
(777,000 ha) were irrigated; therefore, irrigation water in 
paddy fields is the main issue in terms of agricultural water 
management in South Korea. The blue water footprint 
in paddy field, which indicates irrigation water require-
ment, was 502 m3/ton (Yoo et al. 2014), which was larger 
than that in Japan (401 m3/ton) and China (487 m3/ton) 
(Chapagain and Hoekstra 2010). Climate change is also 
an important issue in South Korea because precipitation 
intensity will be increased and the number of rain days will 
be decreased by climate change (KMA 2010; Kim et al. 
2013), which decreases the efficiency of green water use 
during the transplanting season in South Korea. In contrast, 
the crop water demand will be increased due to the increase 
of evapotranspiration by high temperatures. Accordingly, 
agricultural droughts in South Korea could become more 
severe.

Climate change also influences crop phenology, such as 
transplanting season and growing period due to the increase 
in temperature, which then affects irrigation scheduling and 
water management for paddy fields. For example, the mean 
air temperature in South Korea has increased by approxi-
mately 1.5 °C since 1904, which has significantly impacted 
crop phenology (Seo et al. 2010).

Therefore, in South Korea, it is important for the water 
manager and farmer to understand the impact of climate 
change on the change of transplanting season, available 
rainfall, and irrigation water requirement simultaneously. 
Jee et al. (2012) assessed the impact of climate change on 
agricultural water requirements in the Nakdong River basin 
under scenarios A1B, A2, and B1 of the Special Report on 
Emission Scenarios (SRES). They found that the agricul-
tural water demand increased at almost every period, with 
the exception of 2011–2040, because of climate change. 
Chung (2012) found that the rice consumptive water use 
during the growing period was projected to increase sig-
nificantly in the 2050s and 2080s under a climate change 
scenario. After transplanting in the study areas, it would 
increase by 2.2, 5.1, and 7.2 % in the 2020s, 2050s, and 
2080s, respectively, from the baseline value of 534 mm. 
These studies found that climate change would affect water 
scarcity in agriculture fields, but the majority of research 
has focused on the impacts of climate change rather than 
adaptations to climate change, specifically related to the 
interaction between crop phenology and water use.

Climate change also affects the rice yield in that chang-
ing the cultivation season requires a shift in the water sup-
ply system and social consensus with the farmers. This 
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is the main limitation of this study. However, this study 
focused on water scarcity due to climate change and the 
main purpose is to analyze the impacts of optimal growing 
season on irrigation water savings in the future under vari-
ous climate change scenarios. In terms of irrigation water, 
the application of the optimal season could be suggested to 
farmers and water manager as the general guideline.

Materials and methods

Climate change data based on RCP scenarios in South 
Korea

Climate change data are based on general circulation mod-
els (GCMs), which are widely regarded as the most accept-
able tool to study climate change (Houghton et al. 1996). 
Several institutes and laboratories worldwide have devel-
oped GCMs. Each GCM has a unique spatial and tempo-
ral scale; therefore, for this research, a GCM was selected 

that provided high-resolution coverage of South Korea and 
provided daily climate data. In addition, the climate change 
data were projected using RCP scenarios based on green-
house gas concentration trajectories adopted by the Inter-
governmental Panel on Climate Change (IPCC) for its fifth 
Assessment Report (AR5) in 2014. The RCPs describe four 
possible models for future climates, which vary depending 
on predicted greenhouse emissions. The four RCPs (RCP 
2.6, RCP 4.5, RCP 6.0, and RCP 8.5) reflect the possible 
ranges of radiative forcing values in the year 2100, relative 
to the pre-industrial values (Weyant et al. 2009).

In various research centers, over 20 GCMs are provided, 
each of which has a different future trend of rainfall and 
temperature. Accordingly, GCM selection could affect 
the results in terms of green water availability and irriga-
tion water requirement. Yoo et al. (2015) estimated the 
difference in rainfall and temperature among 25 GCMs in 
South Korea and CanESM simulated the climate change 
data accompanying a high increase in evapotranspiration 
and rainfall in future. The projected climate data based on 

Fig. 1  Paddy field areas in eight provinces, elevation and 54 meteorological stations. a Paddy field area. b Elevation
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CanESM2 were applied from 2010 to 2100. CanESM2 is a 
revision of the first-generation CanESM1 of the Canadian 
Centre for Climate Modeling and Analysis (CCCma), and it 
is a spectral model that employs T63 triangular truncation, 
with physical tendencies calculated on a 128 × 64 (~2.81°) 
horizontal linear grid. In addition, we used daily climate 
data, as well as information from several recent studies that 
used CanESM2 to analyze climate change (Chylek et al. 
2011; Gillett et al. 2012; Hua et al. 2014).

Climate change scenarios are based on simulation by 
GCMs, which is global-scale modeling; thus, there is a 
bias between the regional and global scale. Therefore, the 
GCM outputs were downscaled to each province in South 
Korea using a bias correction approach. A bias correc-
tion approach considers the empirical distributions of the 
variables such as the location (e.g., mean), scale (e.g., vari-
ance), and shape (e.g., skewness). The location parameters 
µ0, µm, and µ′

0 (for X0, Xm, and X ′
m, respectively) may be 

estimated by the mean or median of the data samples. The 
corresponding scale parameters σ0, σm, and σ ′

m may be esti-
mated by the standard deviation or the interquartile range 
of the data samples (Ho et al. 2012):

where X is a variable, µ is the mean (=location parameter), 
σ is the standard deviation (=scale parameter), 0 is present-
day observed data, m is modeled data, and ′ is future-day 
projected data.

The key advantages of the bias correction approach are 
the ease and speed of application and the direct scaling of 
the scenario in line with the various changes suggested by 
the GCM and regional climate model (RCM) (Diaz-Nieto 
and Wilby 2005). Therefore, the observed climate data of 
the representative 54 meteorological stations were synthe-
sized from 1981 to 2010 (denoted as the median date of 
1995 period), and then daily climate data were created for 
individual meteorological stations using a bias correction 
method for three future periods: 2011–2040 (2025), 2041–
2070 (2055), and 2071–2100 (2085).

(1)X̂0 = µ0 +
σ0

σµ

(

X
′
m
− µm

)

However, a bias correction considers only the mean and 
standard deviation with normal distribution; therefore, it 
is limited in its ability to analyze extreme events, such as 
severe drought or flood conditions. However, a bias cor-
rection could reduce bias in the average results of simu-
lation, and this study focused more on general guidelines 
for applying the optimal phenology to water management. 
Accordingly, we compared the observed monthly climate 
data and simulated data before and after a bias correction 
during a historical period.

Optimal phenology based on accumulated temperature 
for paddy fields

In general, temperature determines the rate of crop devel-
opment and consequently affects the length of the total 
growing period (Doorenbos and Kassam 1979). Therefore, 
in this study, the phenology of paddy rice (transplanting, 
heading, harvesting date, and growing period) was ana-
lyzed using the phenology process for japonica rice sug-
gested by Park and Lee (2005), which is based on daily 
temperature data (Fig. 2). The japonica rice is the repre-
sentative rice variety in South Korea, and the rice breeding 
team of the Department of Rice and Winter Cereal Crops, 
NICS, RDA, has developed a japonica rice variety. In addi-
tion, Yun and Lee (2001) analyzed the impact of climate 
change on the optimum ripening periods of a japonica rice 
plant, and Choi et al. (2006) analyzed the major physico-
chemical characteristics of a japonica rice.

The process for determining optimal transplanting sea-
son growing period is based on the accumulated tempera-
ture and heading date most closely related to production. 
First, the heading date was calculated using the number of 
consecutive days of the optimum ripening period, in which 
the daily mean temperature was 21–23 °C for 40 days 
after flowering. Second, the optimal transplanting date was 
defined as the time period from the transplanting date to the 
heading date (extremely early maturing rice: 1500 °C–late 
maturing rice: 2200 °C) during which the accumulated tem-
perature was 1500–2200 °C. Finally, the harvest date was 

Fig. 2  Process of optimal 
paddy rice phenology based on 
accumulated temperature (Park 
and Lee 2005; Yoo et al. 2013)



447Irrig Sci (2016) 34:443–463 

1 3

defined as the time from the heading date to harvest date at 
which the accumulated temperature reached 1100 °C.

Paddy water balance model based on a ponding system 
in South Korea

Paddy rice is mainly cultivated in ponding systems in South 
Korea, and irrigation water is supplied to maintain an opti-
mal depth of ponding water for each growth stage, as sug-
gested by Doorenbos and Kassam (1979) and Jang et al. 
(2004) (Table 1). In addition, the estimation of consumptive 
use for irrigated crops is related to the crop evapotranspira-
tion (ETc) procedure (Allen et al. 1998). The paddy water 
balance model based on ponding systems was described as 
in Eq. (2) (Jensen et al. 1990).

where t is time (day), PD is depth of ponding water (mm), 
ETc is crop evapotranspiration, SR is surface runoff in the 
paddy field outlet (mm), DP is the deep percolation (mm), 
LR is the leaching requirement (mm). MR is the miscel-
laneous water requirement (mm), and RF is rainfall (mm).

Leaching and miscellaneous water requirements are 
generally negligible in ponding rice fields (Yoo et al. 2008). 
Leaching water was supplied only when the soil salinity 
needed to be addressed, and the amount of miscellaneous 
water requirements was negligible. In addition, most paddy 
rice irrigation systems were developed based on South 
Korea’s relatively homogenous soil, which is clay textured 
and has relatively low percolation rates (Jang et al. 2007).

In addition, the green water indicates the available soil 
water supplied from rainfall generally. However, in pond-
ing systems, the green water indicates the amount of avail-
able rainfall for crop growth, with the exception of loss 
from surface runoff overflow through paddy outlets. In the 
water balance model, the effective rainfall (ER) indicates 
the available rainfall considering the ponding depth, outlet 
height, and rainfall. In addition, irrigation water indicates 
the water supply from the reservoirs or groundwater for 
maintaining the optimal depth of ponding water (ODP) for 
each growth stage. Accordingly, the water balance model 

(2)
PDt = PDt−1 − ETct − DPt −MRt − LRt + (RFt − SRt)

could be described as Eqs. (3)–(5), and the green water use 
(GWU) is estimated by effective rainfall and paddy area, as 
described in Eq. (6). In addition, the blue water use (BWU) 
is estimated by the irrigation water and paddy area, and it is 
described as Eq. (7).

where t is time (day), PD is depth of ponding water (mm), 
OPD is the optimal depth of ponding water (mm), ETc is 
crop evapotranspiration, SR is surface runoff in the paddy 
field outlet (mm), DP is the deep percolation (mm), RF is 
rainfall (mm), ER is effective rainfall (mm), GWU is green 
water use (m3), and BWU is blue water use (m3).

The ETc was determined by multiplying the crop coeffi-
cient (Kc) by reference crop evapotranspiration (ETo), as sug-
gested by Eq. (8). In addition, ETo is calculated using the FAO 
Penman–Monteith method recommended by FAO, which uses 
all parameters that govern energy exchange and corresponding 
latent heat flux (evapotranspiration) from uniform expanses of 
vegetation; it is described in Eq. (9) (Allen et al. 1998).

Crop coefficients can be influenced by cultivation, 
local climatic conditions, and seasonal differences in crop 
growth patterns (Kuo et al. 2006). Accordingly, crop coef-
ficients from a South Korea case study were used, as shown 
in Table 1 (Yoo et al. 2008).

(3)PDt = PDt−1 − ETct − DPt + (RFt − SRt)

(4)
ERt = RFt for SRt = 0, ERt = RFt − SRt for SRt > 0,

(5)
IRt = OPDt − PDt for OPDt > PDt

IRt = 0 for OPDt < PDt

(6)GWU =
∑

ERt × Paddy area

(7)BWU =
∑

IRt × Paddy area

(8)ETc = ET0 × Kc

(9)
ET0 =

0.408�(Rn − G)+ γ (900/T + 273)u2(es − ea)

�+ γ (1+ 0.34u2)

Table 1  Crop coefficients and optimal depths of ponding water Source modified after Yoo et al. (2013), Doorenbos and Kassam (1979), Jang 
et al. (2004)

TP transplanting period

Periods Preparation for 
transplanting

TP 
(10 days)

Growing and harvesting season (10 days)

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15

Crop coefficient 0.78 0.78 0.78 0.97 1.07 1.16 1.28 1.45 1.50 1.58 1.46 1.45 1.25 1.01 1.01 1.01 1.01

Optimal depth of  
ponding water (mm)

20 60 40 40 0 20 30 30 30 40 40 40 40 0 0 0 0
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where ETo is the reference crop evapotranspiration (mm/
day), ETc is the crop evapotranspiration (mm/day), Kc is 
the crop coefficient, ∆ is the slope of saturated vapor pres-
sure/temperature curve (kPa/°C), γ is the psychrometric 
constant (kPa/°C), u2 the wind speed at 2 m height (m/s), 
Rn is the total net radiation at the crop surface (MJ/m2day), 
G is the soil heat flux density (MJ/m2day), G is the mean 
daily air temperature at 2 m height (°C), es is the satura-
tion vapor pressure (kPa), and ea is the actual vapor pres-
sure (kPa).

This study focused on the impact of climate change on 
phenology and irrigation water savings, and the climate 
data are the most important variable. Therefore, the climate 
data based on GCM were downscaled to grid data using 
observed climate data in 54 meteorological stations.

However, the single values referenced by other research 
and agricultural agencies were applied to soil and irriga-
tion variables, such as infiltration and optimal ponding 
depth. This means that these variables were non-localized 
values, and the local difference by soil type or irrigation 
system could not be validated in this study. However, most 
paddy rice irrigation systems are developed in clay soils 
that have relatively low percolation rates (Jang et al. 2007). 
The Rural Research Institute in Korea has conducted field 
experiments in several basins since 1970, the results of 
which suggest that the average deep percolation rate ranges 
from 5.0 to 5.6 mm/day (Korea Water Resources Coopera-
tion (KWRC) 2002). Previous studies showed that about 
4–6 mm/day of water percolates into paddy soils during the 
irrigation season (Lee 1988). In addition, Yoo et al. (2013) 
applied the 5.0 mm/day water percolation rate to paddy 
soils for analyzing paddy water management in Korea. 
Accordingly, in this study, deep percolation for paddy 
fields of 5.0 mm/day was assumed to minimize the influ-
ence of soil in all provinces.

Spatial distribution by inverse distance weighted 
interpolation

The climate data used in this research were based on mete-
orological stations; therefore, the results of the phenology 
and water use were expressed as point data for each station. 
Accordingly, spatial interpolation was required to gener-
ate the distributed results of the phenology and green/blue 
water use. When a simple function is used to estimate data 
points from the original inputs, interpolation errors are usu-
ally present; however, depending on the problem domain and 
the interpolation method used, the gain in simplicity may be 
of greater value than the resultant loss in accuracy (Croch-
iere and Rabiner 1983). Therefore, inverse distance weighted 
(IDW) interpolation was applied, which is a simple and basic 
linear method. The IDW method determines cell values using 
a linearly weighted combination of a set of points. The weight 

is a function of the inverse distance (Watson and Philip 1985). 
However, IDW is good particularly for plain areas; if there is 
large variation in topography, the results of the IDW method 
would be erroneous. However, in South Korea, paddy fields 
are located mainly in the southwest region, and the elevation 
map showed that this region contained plains areas (Fig. 1). 
In addition, more stations are located in the southwest region 
than the northeast region. Therefore, the accuracy of IDW in 
main paddy fields would be suitable for this study. Therefore, 
the scale factors of effective rainfall and net irrigation water 
requirement were based on the downscaled climate data, and 
spatial differences in the results could be visualized through 
grid data using IDW method.

In addition, we derived the local-scale results using the 
distributed results, such as transplanting season, effec-
tive rainfall, and net irrigation water requirement, because 
the irrigation supply in paddy fields is strongly related to 
local-scale management. For example, in South Korea, over 
58.4 % of total paddy fields (454,000 ha) were irrigated by 
agricultural reservoirs and 25.4 % (197,000 ha) were irri-
gated by pumping stations. The agricultural reservoirs and 
pumping stations are mainly controlled by local govern-
ments and Korea Rural Community Corporation (KRC) 
who has fulfilled its responsibilities to develop, maintain, 
and manage agricultural production infrastructure for over 
a century since its foundation in 1908. In addition, autumnal 
harvest grain of rice is purchased by National Agricultural 
Cooperative Federation, which is related to the local govern-
ment. To wrap up, the management of irrigation water sup-
ply and rice products is strongly related to local government 
in South Korea. Farmers also have conversations with local 
government about irrigation scheduling and transplanting 
season. Therefore, in this study, the value raster for effective 
rainfall and irrigation water requirement was derived from 
the IDW and green water availability, and the blue water 
saving of the province boundary was estimated using a 
zonal analysis dataset. Various studies of paddy water man-
agement using province boundaries have been performed 
(Yoo et al. 2008; Chung et al. 2011; Yun et al. 2011),

Limitation of this study

This study focused on the effects of changing phenology of 
rice on irrigation water requirement under climate change 
scenarios. A change in transplanting season or growing 
period could affect rice production because the high temper-
ature in a changed growing season could decrease the rice 
yield. However, rice yield is related not only to climate but 
also to fertilizer, blight, and soil characteristics. Thus, it was 
difficult to simulate rice yield using only climate data in this 
study. This is the main limitation of this study. However, in 
South Korea rice is cultivated in a ponding irrigation sys-
tem, which reduces the damage of high temperatures on rice 
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yields. In addition, there is a positive correlation between the 
rice yield and ETc, and the optimal ponding depth could lead 
to the maximum ETc by reducing water stress.

Another limitation of this study is the concern over social 
and institutional changes necessary for applying the optimal 
transplanting season. A change in irrigation season should 
require a change in the water supply system and social con-
sensus with farmers. However, irrigation water is supplied 
from agricultural reservoir in most paddy fields in South 
Korea, and it is difficult to change the constructed reservoir 
system to a different supply system. Therefore, this study 
did not consider a change in the irrigation system. However, 
agricultural reservoirs in South Korea have small capaci-
ties, and storage strongly depends on rainfall. Moreover, the 
operation of reservoirs focuses on releasing water during 
the transplanting season. Therefore, a change in the optimal 
transplanting season could have a positive impact on reser-
voir water storage and could create more opportunities for 
irrigation water savings in the reservoir operation system.

Social and institutional factors, such as the link to agri-
cultural markets, was not considered in this study because 
agricultural markets have a complex relationship among 
various factors, such as production, trade, and crop price 
through economic analysis. However, the KRC and local 
government could suggest the optimal transplanting season 
for water savings to farmers. A conversation with farm-
ers would be required to change the transplanting season 
because the farmers generally determine the transplanting 
season through previous experience.

The application of this study to extreme climate conditions 
such as severe drought or flooding is limited because these 
results were derived from average values. However, this study 
was based on a modeling approach and we focused more on 
suggesting general guidelines. Therefore, the average val-
ues of simulated results, such as transplanting season and 

irrigation water requirement, were estimated to analyze the 
effects of optimal season change on water savings.

Results and discussion

Downscaled climate data using the bias correction

GCM is based on a global-scale model; thus, downscaling 
is required to apply outcomes from GCM to local mete-
orological stations. In this study, a monthly bias correc-
tion was applied. Figure 3 shows a significant difference 
between the observed monthly precipitation and the simu-
lated monthly precipitation for the 54 meteorological sta-
tions during the period from 1981 to 2010. The simulated 
temperature and precipitation before bias correction was 
significantly different from the observed data. However, the 
downscaled monthly precipitation by bias correction bet-
ter matched the observed data. These results showed that 
the monthly bias correction was suitable for downscaling 
the raw climate data from GCM. We applied the monthly 
bias correction to the future climate data of GCM and gen-
erated localized climate data for a future season. However, 
we used the daily data for optimal phenology and irriga-
tion water; thus, the daily bias might not be corrected even 
if monthly simulated data were well matched with the 
observed data. However, it is difficult to correct the daily 
data by bias correction because of the variation in climate 
data, such as precipitation.

Temporal change in the optimal transplanting season 
by climate change

In the transplanting season, an intensive water supply is 
required for dibbling of the rice seedlings; however, this 

Fig. 3  Simulated monthly precipitation and temperature before and after bias correction. a. Monthly precipitation. b Monthly temperature
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season also comprises the spring drought season in South 
Korea. Accordingly, the transplanting season is sensitive 
to the impact of climate change on paddy water manage-
ment. In this study, we analyzed the optimal transplanting 
date for 30 years from 1981 to 2100 (1995, 2025, 2055, and 
2085) using the observed climate data in 1995 and the pro-
jected climate data based on RCP 4.5/8.5 scenarios in the 
2025, 2055, and 2085 periods (Fig. 4).

The optimal transplanting date ranged from 27 April to 
21 May for the 1995 period, with the latest date shown in 

Jeollanam-do Province in the southwestern area. This is 
due to the fact that the annual temperature in this province 
was higher than that in the other provinces. In the south-
ern plains areas, including Jeollanam-do and Jeollabuk-do, 
which comprise the breadbasket of South Korea, the opti-
mal transplanting date in the 1995 period was calculated as 
mid-May. Climate change resulted in gradual changes in 
the optimal transplanting date to later in the year. In addi-
tion, the Rural Development Administration (RDA), which 
is the representative agricultural institute in South Korea, 

Fig. 4  Optimal transplanting date from 1995 to 2085 periods. a RCP 4.5 scenario. b RCP 8.5 scenario
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has suggested mid-May as the optimal transplanting date 
and recommended delaying transplanting until June in 
future due to temperature increases.

According to the RCP scenarios, the temperature will 
increase in the future, resulting in delayed transplanting 
dates. Under the RCP 4.5 scenario, the average optimal 
transplanting date was determined to be June 5 for the 
2025 period. This date was pushed back to June 29 for the 
2085 period. Compared to the 1995 period, the optimal 

transplanting date was delayed by 25 days for the 2025 
period, with an average increase of 49 days by the 2085 
period. In addition, the future optimal transplanting dates 
ranged between June 10 and July 9 in the southwestern 
area and between June 6 and July 11 in the southeastern 
region. The optimal transplanting date was greatly delayed 
under the RCP 8.5 scenario. The optimal transplanting 
date was determined to be June 9 in the 2025 period, and it 
was delayed until July 20 in the 2085 period. In particular, 

Fig. 5  Optimal growing period from 1995 to 2085 periods. a RCP 4.5 scenario. b RCP 8.5 scenario
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the maximum difference in the optimal transplanting date 
between 1995 and 2085 periods was 79 days for the south-
eastern region.

In South Korea, the spring drought typically occurs in 
April or May, and the rainy season starts in July. A delayed 
transplanting date could affect water use efficiency; there-
fore, the impact of optimal transplanting date on green and 
blue water use was evaluated from the perspective of spring 
drought due to climate change.

Temporal change in the growing period by climate 
change

The growing period refers to the period between the trans-
planting to the harvesting date, which was determined using 
the accumulated temperature. Accordingly, the increase in 
temperature due to climate change could shorten the grow-
ing period. The growing period of paddy rice was estimated 
by applying RCP scenarios for the 1995, 2025, 2055, and 
2085 periods (Fig. 5).

The growing period in the 1995 period was based 
on observed climate data and ranged between 141 and 
153 days. The shortest period was recorded in Jeollanam-do  
Province. The Gangwon-do Province, which is located in 

the northeast, required the longest period because of its low 
temperatures.

Under the RCP 4.5 scenario, the optimal growing period 
shortened for all of the provinces. In the 2025 period, the 
average growing period was 132 days, with the shortest 
growing period (129 days) calculated for Jeollanam-do 
Province. The growing period continued to decrease in 
length for the 2055 and 2085 periods, and the minimum 
growing period (122 days) was predicted in the southeast-
ern region in the 2085 period.

Under the RCP 8.5 scenario, there was a greater decrease 
in the number of days in the growing period. In the 2025 
period, the growing period decreased to 131 days, a differ-
ence of 14 days compared to the 1995 period. In addition, 
the minimum growing period was 116 days in the 2085 
period, with distinct decreases in the southwestern and 
southeastern regions. These changes in length of the grow-
ing period could affect blue water savings in paddy fields.

Effects of the temporal change in optimal transplanting 
season on green water use efficiency

A considerable amount of water is used for transplanting 
in ponding systems, and transplanting coincides with the 

1995s 

 (200-50 mm/year)

O
ptim

al transplanting season 

2025s (200-50 mm/year) 2055s (200-50 mm/year) 2085s (200-50 mm/year) 

N
on-changed transplanting season 

2025s (200-50 mm/year) (200-50 mm/year) (200-50 mm/year) 2055s  2085s 

Fig. 6  Distributed effective rainfall under the RCP 4.5 scenario during the optimal and non-changed transplanting season
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spring drought in South Korea. In this study, the optimal 
transplanting date was delayed, which could increase the 
efficiency of green water use in an attempt to work around 
the spring drought in the paddy fields, and the shorter 
growing period could lead to decreases in the amount of 
blue water use. Therefore, the efficiency of green water use 
and blue water savings was evaluated, comparing the peri-
ods before and after application of an optimal phenology of 
paddy rice.

In South Korea, paddy rice is cultivated via transplant-
ing and a ponding system, which requires a considerable 
amount of blue water. It is, therefore, important that green 
water use become more efficient in terms of water manage-
ment during the transplanting season. In this research, the 
available green water during transplanting season was esti-
mated by applying the optimal transplanting date for vari-
ous RCP scenarios. The transplanting season includes the 
40 days required for transplanting preparation, such as har-
rowing and seedling, as well as the 10 days during which 
transplanting is executed.

Figures 6 and 7 indicate the distributed effective rain-
fall map which was interpolated using the IDW of the 
effective rainfall in 54 meteorological stations. The effec-
tive rainfall during a non-changed transplanting season 

was slightly increased in all regions, but the change of 
transplanting to the optimal season resulted in a marked 
increase in effective rainfall. Particularly, the southern 
region has more effective rainfall than the central region 
and climate change would accelerate the difference 
between regions.

The average effective rainfall for every 10 days is shown 
in Fig. 8 and Tables 2 and 3. During the transplanting sea-
son, approximately 88 mm of rainfall was used in the 1995 
period, and approximately 100.6 mm could be used in the 
future according to the RCP 4.5 scenario when applying 
the transplanting season as in the 1995 period. However, 
climate changes cause delays in the transplanting sea-
son, with 166.3 mm of rainfall being available during the 
transplanting season if the optimal transplanting season 
was used in the future. Therefore, by applying the optimal 
transplanting season, the available rainfall would increase. 
Under the RCP 8.5 scenario, there was an even greater 
increase in effective rainfall than for the RCP 4.5 scenario, 
with approximately 207.5 mm of rainfall available when 
the optimal transplanting season was applied. The greatest 
predicted increase in effective rainfall would occur in the 
southern regions for the optimal transplanting season in the 
2025 period.

1995s 

(200-50 mm/year)

O
ptim

al transplanting season 

2025s (300-100 mm/year) 2055s (300-100 mm/year) 2085s (300-100 mm/year) 

N
on-changed transplanting season 

2025s (200-50 mm/year) 2055s (200-50 mm/year) 2085s (200-50 mm/year) 

Fig. 7  Distributed effective rainfall under the RCP 8.5 scenario during the optimal and non-changed transplanting season
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The effective rainfall and irrigation water requirement 
should be analyzed under province scales to apply the 
results to water supply systems and paddy field manage-
ment. Accordingly, we regarded the green water (m3) as 
the total volume of effective rainfall (mm) in paddy field 
area (ha), and green water use (Mm3) in each province was 

calculated by zonal analysis of spatial distribution during 
the transplanting season for each province in the 1995, 
2025, 2055, and 2085 periods, both before and after apply-
ing the optimal transplanting date (Tables 4, 5).

Approximately 810.5 Mm3 of green water was avail-
able during the transplanting season in the 1995 period. 

Fig. 8  Average effective rainfall for every 10 days in the 1995, 2025, 2055, and 2085 periods. a RCP 4.5 scenario. b RCP 8.5 scenario
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Compared to the 1995 period, an increase of only 90 Mm3 of 
green water will be available if the transplanting season was 
not changed in the 2025 period, and there was a 5.7 Mm3 
decrease in green water from the 2025 to 2055 periods under 
the RCP 4.5 scenario. However, the optimal transplanting 
season greatly influenced the increase of available green 
water use in future predictions. An increase of approximately 
1371.3 Mm3 of green water was produced during the trans-
planting season by applying the optimal transplanting date in 
the 2025 period under the RCP 4.5 scenario.

In addition, we evaluated the effects of optimal trans-
planting on green water use for each province by compar-
ing the difference in green water use between non-changed 
and optimal transplanting seasons (Fig. 9). Compared to 
the 1995 period, the increase in green water use was 11.7 % 
in the 2025 period under the RCP 4.5 scenario when using 
the same transplanting date as in the 1995 period; however, 
this use increased to 69.2 % when the optimal transplanting 
date was applied. In addition, the increase in green water 
use was significantly higher in the 2055 (92.6 %) and 2085 

(102.6 %) periods when the optimal transplanting sea-
son was utilized. The largest difference in available green 
water between non-changed and optimal transplanting sea-
sons was observed for Jeollanam-do Province in the 2055 
period. In Gyeongsangnam-do, where the land usually suf-
fers from spring drought, an increase of 66.0 Mm3 of green 
water could be made available by changing to the optimal 
transplanting season in the 2025 period.

Under the RCP 8.5 scenario, the optimal transplant-
ing season showed a marked effect on green water use. 
The efficiency of green water use according to the optimal 
transplanting season increased significantly. Compared to 
the 1995 period, an increase of approximately 513.9 Mm3 
of green water was observed for the transplanting season 
when using the optimal transplanting date in the 2025 
period. In addition, an additional 119.9 Mm3 of green water 
could be made available by changing to the optimal trans-
planting season in the 2025 period. The high efficiency of 
green water use during the transplanting season could con-
tribute to blue water savings.

Table 4  Available green water 
use during the transplanting 
season before and after applying 
the optimal transplanting date 
under the RCP 4.5 scenario

Provinces (RCP 4.5) Available green water use during transplanting season (Mm3/yr)

1995 period Non-changed transplanting date Optimal transplanting date

2025 2055 2085 2025 2055 2085

Gangwon-do 27.4 31.3 32.4 38.3 46.2 55.0 65.6

Gyeonggi-do 82.5 86.6 87.7 97.8 115.9 125.5 168.1

Gyeongsangnam-do 109.8 121.5 124.9 119.2 187.5 196.6 199.4

Gyeongsangbuk-do 106.3 119.5 123.6 131.1 197.6 216.3 240.5

Jeollanam-do 195.2 220.5 209.6 216.5 344 390.1 352.6

Jeollabuk-do 119.2 138.9 134.7 140.8 210.1 263.2 251.9

Chungcheongnam-do 134.2 147.4 146.5 156.6 211.5 245.9 281.0

Chungcheongbuk-do 35.9 39.3 39.8 45.1 58.4 68.1 83.0

Total 810.5 905.0 899.3 945.5 1371.3 1560.7 1642.2

Table 5  Available green water 
use during the transplanting 
season before and after applying 
the optimal transplanting date 
under the RCP 8.5 scenario

Provinces (RCP 8.5) Available green water use during transplanting season (Mm3/yr)

1995 period Non-changed transplanting date Optimal transplanting date

2025 2055 2085 2025 2055 2085

Gangwon-do 27.4 32.8 37.2 38.7 50.9 70.9 89.6

Gyeonggi-do 82.5 93.3 102.3 98.2 121.5 180.1 228.0

Gyeongsangnam-do 109.8 117.8 137.7 151.2 179.7 219.3 336.2

Gyeongsangbuk-do 106.3 120.3 142.9 155.6 197.3 250.1 367.1

Jeollanam-do 195.2 196.4 247.3 260.4 316.3 415.7 587.7

Jeollabuk-do 119.2 127.1 159.8 167.8 190.1 289.9 428.7

Chungcheongnam-do 134.2 149.0 172.1 166.2 208.2 298.5 396.5

Chungcheongbuk-do 35.9 41.4 47.5 47.1 60.4 87.8 110.7

Total 810.5 878.1 1046.7 1085.2 1324.4 1812.3 2544.5
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Effects of the temporal change in the optimal growing 
period on blue water savings

Climate change influences the total growing period of 
paddy rice due to an increase in the overall temperature. As 

the growing period shortens, the total amount of irrigation 
water used could decrease, resulting in savings if the opti-
mal growing period is applied.

In this study, we regarded the blue water as the total irri-
gation water using net irrigation water requirement of the 

Fig. 9  Difference in available green water between the non-changed and optimal transplanting seasons in the 2025, 2055, and 2085 periods. a 
RCP 4.5 scenario. b RCP 8.5 scenario
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paddy field. To analyze blue water saving, net irrigation 
water requirement was simulated together with the optimal 
growing season. The climate change data were downscaled 
to each meteorological station, and then we calculated the 
distributed net irrigation water requirement using IDW. 
Figures 10 and 11 show the net irrigation water require-
ment map in each season (1995s, 2025s, 2055s, and 2085s). 
The net irrigation water requirement per year decreased in 
every season when the optimal growing period was applied. 
For example, the southwestern region had more a positive 
impact of optimal growing period in terms of reducing net 
irrigation water requirement per year compared to central 
regions. In the 2025s, the net irrigation water requirement 
per year in the optimal growing period under the RCP 4.5 
scenario was distributed from 615 mm/year to 847 mm/
year. However, the net irrigation water requirement per 
year during a non-changed growing period ranged from 
691 mm/year to 1006 mm/year. This means that about 
80–150 mm/year of irrigation water could be saved by 
application of the optimal growing period. Under the RCP 
8.5 scenario, the irrigation saving impact increased from 
the 2025s to 2085s than RCP 4.5 scenario.

Based on the distributed net irrigation water require-
ment, we calculated the blue water use in each province 
under climate change scenarios before and after applying 
optimal phenology (Tables 6, 7) because water resource 
management and paddy rice management are strongly 
related to local government. Figure 12 indicates the effects 
of application of optimal phenology on blue water savings. 
The total blue water use was estimated to be 7216.6 Mm3 
for all provinces in the 1995 period, which decreased to 
7145.7 Mm3 in the 2025 period under the RCP 4.5 scenario 
for the same growing period. Approximately 190.9 Mm3 of 
blue water was saved in the 2055 period, but the total blue 
water use increased in the 2085 period because of the inten-
sive rainfall that occurred during the growing period. Under 
the RCP 8.5 scenario, there was no blue water savings, with 
190 Mm3 more blue water required in the 2025 period.

However, a temperature increase would lead to a short-
ened growing period, which would then decrease the total 
amount of blue water needed if the optimal growing period 
were applied in each future season. Under the RCP 4.5 sce-
nario, the total amount of blue water use was 6293.6 Mm3 
during the optimal growing period in the 2025 period, 

1995s 

(975-735 mm/year)

O
ptim

al grow
ing period 

2025s (847-615 mm/year) 2055s (727-559 mm/year) 2085s (730-516 mm/year) 

N
on-changed grow

ing period 

2025s (1005-691 mm/year) 2055s (1038-684 mm/year) 2085s (1055-726 mm/year) 

Fig. 10  Distributed net irrigation water requirement under the RCP 4.5 scenario during the optimal and non-changed growing periods
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with 923.0 Mm3 of blue water savings expected. Utilizing 
the optimal growing period would increase the blue water 
savings in the 2055 and 2085 periods, despite a potential 
decrease in the growing period (i.e., 1648.1 Mm3 of blue 
water would be saved in the 2085 period). In Jeollanam-do 

Province, >150 Mm3 of blue water was predicted to be 
saved in the 2025 period.

Under the RCP 8.5 scenario, the difference in blue water 
savings before and after implementation of the optimal 
growing period increased in the RCP 4.5 scenario. The 

1995s 

(975-735 mm/year)

O
ptim

al grow
ing period 

2025s (828-629 mm/year) 2055s (725-562 mm/year) 2085s (742-539 mm/year) 

N
on-changed grow

ing period 

2025s (1022-739 mm/year) 2055s (1037-718 mm/year) 2085s (1110-713 mm/year) 

Fig. 11  Distributed net irrigation water requirement under the RCP 8.5 scenario during the optimal and non-changed growing periods

Table 6  Compared to the 1995 period, the difference in blue water savings before and after applying the optimal growing period in the 2025, 
2055, and 2085 periods under the RCP 4.5 scenario

Provinces (RCP 4.5) Blue water use in 1995 period 
(Mm3/yr)

Blue water savings in comparison to 1995 period (Mm3/yr)

Non-changed growing period Optimal growing period

2025 2055 2085 2025 2055 2085

Gangwon-do 342.3 −3.6 −4.3 −12.6 49.9 87.7 91.3

Gyeonggi-do 767.3 3.9 39.0 3.4 79.0 169.5 165.8

Gyeongsangnam-do 740.7 32.6 33.3 −0.7 117.0 178.8 160.6

Gyeongsangbuk-do 1151.7 −4.8 −31.0 −62.5 159.9 278.2 265.3

Jeollanam-do 1491.6 30.4 63.5 −23.1 187.5 309.4 303.5

Jeollabuk-do 1094.3 11.4 34.2 −30.5 154.4 257.6 236.4

Chungcheongnam-do 1258.2 0.4 48.9 −14.7 129.5 279.0 261.3

Chungcheongbuk-do 370.5 0.6 7.3 −7.4 45.7 87.9 86.2

Total 7216.6 70.9 190.9 −148.2 923.0 1648.1 1570.4
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amount of blue water saving increased to 951.9 Mm3 in 
the 2025 period. In the 2085 period, the total blue water 
use during the optimal growing period was 5385.5 Mm3, a 
saving of 1831.1 Mm3 of blue water compared to that used 
in the 1995 period. Conversely, an additional 159 Mm3 of 
blue water was required in the 2085 period compared to 
the 1995 period when the optimal growing period was not 
considered.

In South Korea, 58.4 % of irrigated paddy fields are irri-
gated by agricultural reservoirs. Furthermore, these agri-
cultural reservoirs are single purposed in supplying water 
to paddy fields. However, the demand for multi-purpose 
operation of agricultural reservoirs is higher at such times 
due to environmental water release or water use for recrea-
tional areas. Therefore, the blue water savings derived from 
reducing water for irrigation needs in the agricultural reser-
voirs could lead to more multi-purpose operation of these 
reservoirs.

Conclusions

Climate change has caused increases in drought severity; 
however, this study showed that appropriate crop phenol-
ogy could exert positive effects on green water efficiency 
enhancement and blue water savings.

By shifting the optimal transplanting season to later in 
the season, the growing period would be shortened because 
of the increase in temperature. Accordingly, adjusting the 
transplanting season could be beneficial for coping with 
spring drought, which is the main problem for paddy water 
management in South Korea.

The transplanting season requires a significant amount 
of irrigation water, and the high efficiency of green water 
use could contribute to irrigation water savings. The results 

of this study show the influence of optimal transplanting 
season on the increase in available green water use in the 
future. Compared to the 1995 period, an increase of only 
90 Mm3 of green water would be available if the transplant-
ing season were not changed in the 2025 period under the 
RCP 4.5 scenario. However, approximately 1371.3 Mm3 of 
green water could be saved by applying the optimal trans-
planting date in the 2025 period. Under the RCP 8.5 sce-
nario, using the optimal transplanting season would have a 
marked effect on green water use.

In addition, the total blue water use could be reduced by 
changing the growing period in the future. Under the RCP 
4.5 scenario, 923.0 Mm3 of blue water savings was pre-
dicted in the 2025 period when the optimal growing period 
was applied. The difference in blue water savings before 
and after application of the optimal growing period was 
even greater under the RCP 8.5 scenario, with the amount 
of blue water savings increasing by 951.9 Mm3 in the 2025 
period.

Although this study focused on average water use and 
crop phenology without considering crop productivity, 
these results are expected to be useful for paddy water 
management and operation of water supply systems, spe-
cifically dynamic irrigation scheduling.

For example, the system of rice intensification (SRI) is 
a paddy water management strategy and is suggested for 
water saving and reduction of nutrient discharge from rice 
paddies in a typical agricultural watershed of South Korea 
(Choi et al. 2013). Park et al. (2011) reported 55.6 % of 
irrigation water reduction with normal rainfall in South 
Korea, and Jung et al. (2016) showed 70 % of irrigation 
water reduction with a 20 mm ponding depth. The SRI sys-
tem indicates much less or no ponding of water; thus, the 
change in phenology might have a lesser effect on water 
savings rather than normal ponding system.

Table 7  Compared to the 1995 period, the difference in blue water savings before and after applying the optimal growing period in the 2025, 
2055, and 2085 periods under the RCP 8.5 scenario

Provinces (RCP 8.5) Blue water use in 1995 period 
(Mm3/yr)

Blue water savings in comparison to 1995 period (Mm3/yr)

Non-changed growing period Optimal growing period

2025 2055 2085 2025 2055 2085

Gangwon-do 342.3 −8.4 −4.8 −23.4 53.6 95.9 105.8

Gyeonggi-do 767.3 −7.3 10.7 −14.5 77.4 175.1 211.4

Gyeongsangnam-do 740.7 −14.5 14.5 13.0 111.5 173.6 175.9

Gyeongsangbuk-do 1151.7 −57.0 −32.0 −68.5 160.3 291.7 307.5

Jeollanam-do 1491.6 −32.5 18.5 8.4 223.0 302.4 317.1

Jeollabuk-do 1094.3 −29.8 −0.7 −16.2 152.5 259.1 274.6

Chungcheongnam-do 1258.2 −34.8 −8.6 −43.2 129.6 280.8 332.6

Chungcheongbuk-do 370.5 −8.3 −0.6 −14.6 44.0 91.7 106.3

Total 7216.6 −192.6 −3.0 −159.1 951.9 1670.3 1831.1
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Fig. 12  Difference in blue water savings between the non-changed and optimal growing periods in the 2025, 2055, and 2085 periods. a RCP 4.5 
scenario. b RCP 8.5 scenario
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However, studies of the impact of SRI with no ponding 
of water on crop yields are ongoing, and Jung et al. (2016) 
set the minimum ponding depth as 20 mm for use in SRI in 
paddy fields, South Korea. In addition, at the large scale of 
paddy fields, a large volume of irrigation water for main-
taining a minimum ponding depth is required even if SRI 
could reduce the use of irrigation water. In other words, the 
application of SRI in South Korea requires irrigation water, 
and the findings of this study could be combined with 
SRI to maximize water saving. In addition, the increase in 
drought severity might decrease rainfall in paddy fields; 
therefore, the change in transplanting season could be 
applied to SRI to overcome agricultural droughts due to cli-
mate change.
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