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Abstract: Understanding future changes in water supply and requirement under climate change is
of great significance for long-term water resource management and agricultural planning. In this
study, daily minimum temperature (T},;,), maximum temperature (T;qy), solar radiation (Rad), and
precipitation for 26 meteorological stations under RCP4.5 and RCP8.5 of MIRCO5 for the future
period 2021-2080 were downscaled by the LARS-WG model, daily average relative humidity (RH)
was estimated using the method recommended by FAO-56, and reference crop evapotranspiration
(ETy), crop water requirement (ET,), irrigation water requirement (I;), effective precipitation (P,), and
coupling degree of ET, and P, (CD) for soybean during the growth period were calculated by the
CROPWAT model in Heilongjiang Province, China. The spatial and temporal distribution of these
variables and meteorological factors were analyzed, and the response of soybean water supply and
requirement to climate change was explored. The result showed that the average T,;;,, Tmax, and Rad
under RCP4.5 and RCP8.5 increased by 0.2656 and 0.5368 °C, 0.3509 and 0.5897 °C, and 0.0830 and
0.0465 MJ /m?, respectively, while the average RH decreased by 0.0920% and 0.0870% per decade from
2021 to 2080. The annual average ET, ET;, P, and I, under RCP4.5 for 2021-2080 were 542.89, 414.35,
354.10, and 102.44 mm, respectively, and they increased by 1.92%, 1.64%, 2.33%, and —2.12% under
the RCP8.5, respectively. The ranges of CD under RCP4.5 and RCP8.5 were 0.66-0.95 and 0.66-0.96,
respectively, with an average value of 0.84 for 2021-2080. Spatially, the CD showed a general trend of
increasing first and then decreasing from west to east. In addition, ETy, ET,, and P, increased by 9.55,
7.16, and 8.77 mm per decade, respectively, under RCP8.5, while I, decreased by 0.65 mm per decade.
Under RCP4.5 and RCP8.5, ET,, P,, and I, showed an overall increasing trend from 2021 to 2080. This
study provides a basis for water resources management policy in Heilongjiang Province, China.

Keywords: climate change; soybean; CROPWAT; reference crop evapotranspiration (ETy); crop water
requirement (ET,); irrigation water requirement (I,)

1. Introduction

Global climate change, marked mainly by climate warming, has taken place [1].
Undoubtedly, this change has had and will continue to have an important impact on
agricultural water resources on which crop growth depends [2]. In addition, climate
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factors, such as relative humidity (RH), solar radiation (Rad), and CO, concentration, have
a significant effect on crop water requirements (ET.) [3]. Moreover, the uncertainty of
temporal and spatial distribution of precipitation (P) and ET. affects crop irrigation water
requirement (I;) [4]. Therefore, analyzing the impact of future climatic changes on crop
water supply and requirement becomes necessary [5].

Future climate change is expected to affect water supply and requirement in a number
of ways [6]. Climate change mainly affects the transpiration of plants, evaporation of
water from the soil and field surface between plants, and P in the agricultural water cycle
system [7]. Rad is the largest source of energy required for soil water vaporization during
evapotranspiration, which converts a large amount of liquid water into water vapor. Rad
absorbed by the atmosphere and heat emitted from the surface increase the atmospheric
temperature [8]. The sensible heat around the atmosphere transmits energy to the crop to
control the evapotranspiration rate, and the increase in soil surface temperature promotes
evaporation [5]. The water vapor pressure difference between the evapotranspiration
surface and the atmosphere is the decisive factor for water vapor movement [9]. The
increase in RH leads to the saturation of air humidity, forming a protective layer on the
field surface, thus reducing the evapotranspiration requirement [10]. However, the increase
in CO; concentration will also promote the accumulation of crop dry matter, promote plant
growth, and increase transpiration [11]. P increases soil water content, replenishes the total
effective soil water, improves the plant root water absorption rate, and helps to reduce
I, while meeting the needs of crop evapotranspiration [12]. Some researchers found that
the RH in Zimbabwe areas would decrease in the future, while the average temperature,
Rad and wind speed would increase, resulting in an increase in ETy and ET,; however,
the decrease in P would eventually lead to the increase of I, [13]. In contrast, studies in
North China Plain (NCP) found that ET; and I, decreased with increasing temperature,
Rad and P, shorten of growth period [14]. In many studies from different regions, the
relationships between ET,, P,, and I, varies under climate change. Therefore, more in-depth
studies are needed to assess the impact of future climate change on crop water supply
and requirement.

ET, constitutes a major component of regional and global hydrological cycles and,
therefore, has important implications in the use of agricultural irrigation water, as well as
in analyzing the crop water supply and requirement relationship in agricultural ecosys-
tems [15]. There are many methods for calculating ET,, such as the empirical estimation
method, the Penman-Monteith (P-M) double-crop coefficient method, and the P-M single-
crop coefficient method [16]. The empirical formula for estimating ET, is simple and
convenient; however, it is only suitable for local instead of large-scale areas [17]. When
using P-M double-crop coefficient method to estimate ET,, the crop coefficient is divided
into basic crop coefficient (K;) and soil evaporation coefficient (K,), although the esti-
mation accuracy of ET, is improved [18]; however, the estimation of K, is complex and
uncertain, which needs the support of a large amount of experimental data [19,20]. The
parameters required by the P-M single-crop coefficient method are easy to obtain, which
can be directly substituted into the formula for calculation. The calculated ET. has less
difference with the measured ET.. Generally, the P-M single-crop coefficient method has
strong universality in different regions and is considered to be a more efficient, convenient,
and accurate method [21,22]. Therefore, most scholars use the P-M single-crop coefficient
method recommended by the Food and Agriculture Organization of the United Nations
(FAO) to calculate ET, [23]. Nie et al. estimated rice ET, in Heilongjiang province using the
CROPWAT model based on the P-M single-crop coefficient method [24]; the calculated ET,
was only 21-30 mm different from the measured ET, in the field experiment. In order to test
the practicability and rationality of the P-M single-crop coefficient method for calculating
ET,, Jin et al. calculated wheat ET, in the Huaihongxinhe Irrigation District using the P-M
single-crop coefficient method and found that the average difference in ET, for the years
was only 6 mm [25].
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Quantitative estimation of temporal and spatial variability of ET, P, and I, under
climate change is helpful to maximize the use of rainwater resources and optimize regional
water resource allocation [11,14]. P is the main influencing factor of soil moisture content,
which provides water for crop evapotranspiration [26]. I, depends on soil moisture con-
tent [27]. Therefore, there is a complex relationship between P, and I, which cannot be
fully explained by simple linear equations [28]. In addition, the relationship among ET.,
P., and [, is also affected by P distribution pattern, crop species, and planting area [11]. In
the Jayakwadi command area, India, the ET. of major crops and P, increased during the
growth period, resulting in less I, under climate change [29]. In the Najafabad plain in Iran,
ET. increased and P, decreased during the growth period of major crops; therefore, more
water needed to be irrigated [30].

As one of the largest developing countries in the world, China constitutes 22% of the
world’s population and encompasses 9% of the world’s arable land [31]. Heilongjiang
Province has the largest arable land area in China and is also an important commercial grain
base in China [32]. The soybean sowing area and yield in Heilongjiang Province rank first
in China, with a sowing area of 4.279 x 10° ha and yield of 7.808 x 10° tons as of 2019 [33].
Soybean sowing area increased by an average of 5 x 10° ha per year in the last 5 years. The
climate distribution in Heilongjiang province leads to great differences in temporal and
spatial distribution of crop water supply and requirement, and agricultural drought occurs
frequently in spring and summer [34]. With the increase in soybean planting area and
soybean export share, the study on soybean water supply and requirement under future
climatic conditions is of great guidance to ensure soybean production and food security in
Heilongjiang Province [35].

The purpose of this study was (1) to clarify the spatial and temporal distribution
characteristics of ETy, ET¢, P, I, and CD during the soybean growth period for 2021-2080
under RCP4.5 and RCP8.5 in Heilongjiang Province, and (2) to reveal the response of
soybean water supply and requirement to climate change for 2021-2080 under RCP4.5 and
RCP8.5. This study will provide reasonable planning for water allocation and guide the
sustainable development of agricultural irrigation water use in Heilongjiang Province.

2. Materials and Methods
2.1. Study Region and Datasets

The study area is located in Heilongjiang Province, Northeast China, where 26 meteo-
rological stations are located relatively evenly throughout the study area for observations
(Figure 1). The area belongs to the cold temperate and temperate continental monsoon cli-
mate, with an average annual temperature of 4.52 °C, an average annual solar radiation of
13.72 MJ /m?, and an average annual P of 511 mm. According to the “Heilongjiang Province
Crop Variety Cumulative Temperature Zone Plan” [36] and “Heilongjiang Province 2015
Regional Layout Plan for High-Quality and High-Yielding Major Food Crops” [37] issued
by the Heilongjiang Provincial Agriculture Committee, the sixth cumulative temperature
zone is not suitable for soybean cultivation; therefore, the sixth cumulative temperature
zone is not included in this study.

We used the general circulation model (GCM) of MIRCO5 with a resolution of
1.39° x 1.41° and selected two representative concentration pathways (RCP4.5 for the
low-radiation scenario and RCP8.5 for the high-radiation scenario) according to the so-
cioeconomic conditions of the radiative forcing currently faced by humans. The minimum
temperature (T),;,,), maximum temperature (Ty,.x), Rad, and P data from 26 stations of the
China Meteorological Administration (CMA) from 1960-2015 were imported into the LAR-
SWG stochastic weather generator model to generate future climate datasets. The dataset
includes daily Ty, Timax, Rad, and P for 26 meteorological stations under RCP4.5 and
RCP8.5 for the future period (2021-2080). The period 2021-2080 was divided into three time
periods: the 2030s (2021-2040), 2050s (2041-2060), and 2070s (2061-2080). Under RCP4.5
and RCP8.5, average RH was estimated using the method recommended by FAO-56.
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Figure 1. Study area and distribution of 26 meteorological stations in Heilongjiang Province.

2.2. Division of Soybean Growth Period

The FAO divides the crop growth period into four stages: initial stage (L;,;), crop
development stage (Lg.p), mid-season stage (L,,;7), and late stage (Ly,); the crop coefficients
in each growth stage are K., Kqig and Keeppg. In this study, the whole growth period of
soybean was divided into sowing to three-leaf stage (L;,;), three-leaf stage to flowering
stage (Lgy), flowering stage to podding stage (L,,;7), and podding stage to maturity stage
(Ligte)- The crop coefficients (K.) were based on the irrigation series “Crop Guide to Crop
Water Requirements” published by FAO-56 and corrected using the method recommended
by FAO-56 [38,39]. It was assumed that the soybean variety would not change in the
future period. According to the observation data of soybean growth period from 1994 to
2005 at 19 agrometeorological observation stations in Heilongjiang Province, the soybean
sowing date and the length of each growth stage were determined. The data of the adjacent
agrometeorological observation stations in the same temperature accumulation area were
selected as the calculation basis, as shown in Table 1.

Table 1. Average soybean growth period data in 1994-2005.

Agrometeorological o ) Total Growth ~ Meteorological
Station Lini (Days) Lieo (Days) Liia (Days) Liate (Days) Day (Days) Station
. Anda,
Qinggang 24 31 59 16 130 Suihua
Hulin 27 30 60 17 134 Hulin
Jixi,
Boli 35 24 16 16 125 Mudanjiang,
Suifenhe
Bayan 29 24 62 23 138 Tonghe,
aya Shangzhi
Heihe 32 25 59 17 133 Heihe,
Sunwu
Harbin 34 32 67 17 150 Haerbin
Nenjiang 29 27 60 17 133 Nenjiang
.. Qigihar,
Longjiang 20 27 63 22 132 Tailai

Huma 33 18 57 17 125 Huma
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Table 1. Cont.

AT L Days Ly Der) L sy9) LD paycmh Mol
Qingan 28 21 63 28 140 Tieli
Tangyuan 27 28 65 16 136 Yinlan
Beian 28 26 65 15 134 Keshan,

Beian
Baiquan 27 27 55 23 132 Mingshui
Jiayin 30 24 57 16 127 Yichun
Hailun 28 29 63 19 139 Hailun
Jiamusi 28 32 62 17 139 Jiamusi
Fuyu 32 32 57 14 135 Fuyu
Baoging 22 28 60 19 129 Baoging
Fujin 29 25 60 21 135 Fujin

2.3. Soil Parameters

Parameters such as soil type, total available soil moisture, maximum rain infiltration
rate, and maximum rooting depth were obtained from the Harmonized World Soil Database
(HSWD). To improve the accuracy of the model simulation results, the initial soil moisture
depletion and initial available soil moisture were adjusted according to the “10 day dataset
of crop growth and development and farmland soil moisture in China” from the China
Meteorological Data Network (http://data.cma.cn, accessed on 22 May 2022). The obtained
soil data were input into the CROPWAT model, and the initial soil water content for each
year thereafter was taken as the last day of the previous year.

2.4. Effective Precipitation (P,)

For upland crops, P, refers to the total precipitation that can be stored in the crop
root layer to meet the crop’s water needs, excluding surface runoff and leakage below the
crop root layer. In this study, we used the method recommended by the United States
Department of Agriculture (USDA) to calculate P,. The formula was as follows:

p_ [ P(125-06P)/125 (P <833 mm) O
©= 1 125/3+0.1P (P > 83.3 mm)’

where P, is the effective precipitation (mm), and P is precipitation (mm).

2.5. Crop Water Requirement (ET)

Soybean ET, was calculated using the CROPWAT model as a function of the loading
altitude, latitude, longitude, T}, Tmax, Rad, and RH data from each station into the
“climate/ETy” module to calculate ET(. The sowing date, harvest date, K., and length of
each growing period were loaded into the “crop” module to calculate ET.. Soybean ET,
was calculated using the single-crop coefficient method recommended by FAO-56. ET, was
calculated from ETj and K, using the equation under standard conditions, where ET was
considered as the key variable for the estimation of ET.. Standard conditions mean that
there were no limitations to crop growth, including a sufficient supply of water and crops
free from diseases and pest infections.

ET. = K. x ETy, @)

where ETj is the reference crop evapotranspiration (mm), K, is the crop coefficient (dimen-
sionless), and ET. is the crop water requirement (mm).
ET( was calculated using the P-M formula recommended by FAO; thus,

0.408A x (R, — G) + %

A+ x (14 0.34u) ’

ETo = ®)


http://data.cma.cn
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where ET) is the reference crop evapotranspiration (mm-day~!), A is the slope of the vapor
pressure curve (kPa-°C~1), R, is the net radiation at the crop surface (M]~(m2-day’1)), Gis
the soil heat flux density (MJ-(m2-day~!)), 7 is the psychrometric constant (kPa-°C™1), T
is the mean daily air temperature at 2 m height (°C), u; is the wind speed at 2 m height
(m-s~1), es is the saturation vapor pressure, ¢; is the actual vapor pressure (kPa), es — e, is
the saturation vapor pressure deficit (kPa), and 900 is a conversion factor.

2.6. Irrigation Water Requirement (1)

The daily soil water balance equation was used to calculate I,. Irrigation quota should
be less than or equal to the root-zone water consumption to avoid deep leakage loss. The
calculation formula is as follows:

Ir,i = Dr,i—l + ETC - Dr,i - Pei/ (4)

where I, ; is the irrigation water requirement on day i, D, ; _ ; is the water consumption of
the root zone on day i — 1, ET, is crop water requirement, D, ; is the water consumption of
the root zone on day i, and P, is the P, on day i.

2.7. Climate Tendency Rate

The climate tendency rate is the changing rate of each variable every 10 years. A pos-
itive climate tendency rate indicates an increasing trend of the corresponding variable,
while a negative value indicates a decreasing trend. By using the least-square method, the
changing trend of variable can be expressed by a linear equation formulas follows:

Y, =at+b, 5)

where Y} is represents the fitted values of each variable, t is the corresponding year, and a
and b are regression coefficients.

2.8. Coupling Degree of ET. and P, (CD)

During the soybean growth period, the degree to which P, meets ET. is called the
coupling degree between ET, and P.. The calculation equation is as follows:

)1 (P, > ET)
A= {PE/ETC (P, < ET.) ~ ©)

2.9. Mann—Kendall Trend Test

The Mann-Kendall trend test is a nonparametric statistical method used to reveal
how a variable changes with time, introduced by the World Meteorological Organization.
Positive and negative values of the statistical variable Z indicate the data changing trend;
if the absolute value of Z is greater than 1.64, 2.32, and 2.56, it means that the data have
passed the significance test of 95%, 99%, and 99.9% for reliability [40]. This study used
this method to test the changing trend of ETy, ET¢, I;, Pe, and CD during the soybean
growth period.

2.10. Data Processing

The reduced-dimension downscaled dataset was processed by Codeblocks20.03 [41]
open-source software, which made the data schema acceptable to the CROPWAT model.
The CROPWATS.0 [42] model was used to calculate ET,, P, and I, under future climate
conditions at 26 meteorological stations in Heilongjiang Province. Matlab R2019a [43] was
used to perform Mann-Kendall trend tests of ETy, ET,, P,, I;, and their climate tendency
rates under future climatic conditions, and the inverse distance weighting (IDW) method in
the spatial analysis toolbox of Arcmap 10.2 was used to spatially interpolate and mapping
at a resolution of 0.04° x 0.04°. We used SPS525.0 [44] to process the correlation analysis
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of Tyin, Tmax, RH, Rad, ETy, ET,, P, and I, as well as the analysis of variance (ANOVA) of
Tins Tmax, Pe, RH, Rad, ET, ET, I, and CD.

3. Results
3.1. Spatial and Temporal Variation of Future Meteorological Factor

ET( during the soybean growth period was driven by interacting effects of different
climate factors. Therefore, a detailed analysis of changes for each meteorological factor was
conducted (Figures 2 and 3). Average Ty;sx under RCP4.5 and RCP8.5 showed a significant
increasing trend, Rad showed an increasing and then decreasing trend, and average RH
showed a decreasing and then increasing trend (Figure 2). Under RCP4.5 and RCP8.5,
the average T’y started from 25.19 and 25.36 °C in the 2030s, respectively, and increased
significantly to 26.76 and 28.02 °C in the 2070s. Similarly, the average Rad increased
significantly from 21.04 and 21.15 MJ/m? in the 2030s to 21.56 and 21.53 MJ/m? in the
2050s, respectively, and then both decreased to 21.42 MJ/ m? in the 2070s. The average RH
decreased significantly from 75.07% and 74.92% in the 2030s to 74.36% and 74.42% in the
2050s, before continuing to increase to 74.50% and 74.65% in the 2070s, respectively. Under
RCP4.5 and RCP8.5, the highest values of the T,,;, were distributed in the east, and the
highest values of the T, were distributed in the south. In addition, the highest RH was
found in the central part, and the highest Rad was found in the western and eastern parts.

Under RCP4.5, the average climate tendency rates of T, Trnax, RH, and Rad for 2021-2080
were 0.2656 °C/(10 years), 0.3509 °C/(10 years), —0.0920%/(10 years), and 0.0830 MJ / m?/(10 years),
respectively (Figure 3). Under RCP8.5, the average climate tendency rates of T, Tyuax, RH, and
Rad in 2021-2080 were 0.5368 °C/(10 years), 0.5897 °C/(10 years), —0.0870% /(10 years), and
0.0465 MJ/m?2/(10 years), respectively. Under RCP4.5 from 2021-2050, the RH declined
most quickly, at a rate of 0.3002% /(10 years), while Rad increased most quickly, at a rate of
0.2193 MJ/m? /(10 years).
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Figure 2. Spatial distribution of average minimum temperature (T},;;,,), maximum temperature (Tay),
relative humidity (RH), and solar radiation (Rad) during soybean growth period under RCP4.5 and
RCP8.5 in the study area in the 2030s, 2050s, and 2070s.
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Figure 3. Climate tendency rates of average minimum temperature (T},;,), maximum temperature
(Timax), relative humidity (RH), and solar radiation (Rad) during soybean growth period under RCP4.5

and RCP8.5 in the study area in 2021-2050, 2051-2080, and 2021-2080.
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3.2. Spatial and Temporal Variation of ET)

The ETj values during the soybean growth period from 2021-2080 under RCP4.5 and
RCP8.5 were shown in Figure 4. Under RCP4.5, ET) from 2021-2080 was between 409.34
and 621.47 mm, with an average of 542.89 mm. Under RCP8.5, ETy was between 492.48
and 642.24 mm, with an average of 553.35 mm. Under RCP4.5 and RCP8.5, ET) increased
first and then decreased from west to east in the study area.
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Figure 4. Spatial distribution of reference crop evapotranspiration (ET() during the (a) 2030s, (b) 2050s,
and (c) 2070s under RCP4.5, and during the (d) 2030s, (e) 2050s, and (f) 2070s under RCP8.5 during
the soybean growth period.

The climate tendency rate of ETj in the soybean growth period from 2021-2080
under RCP4.5 was 3.71-10.18 mm/(10 years). The climate tendency rates of ETj in
2021-2050, 2051-2080, and 2021-2080 were 12.65 mm /(10 years), 1.93 mm/(10 years), and
7.71 mm/ (10 years), respectively (Figure 5a—c). Under RCP8.5, the climate tendency rate of
ETj from 2021-2080 was 7.30-12.07 mm /(10 years), with an average of 9.55 mm/(10 years)
(Figure 5d—f). All 26 sites passed the significance test at « = 0.001 under both RCP4.5
and RCP8.5.
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Figure 5. Climate tendency rates of ET in the periods (a) 2021-2050, (b) 2051-2080, and (c) 2021-2080
under RCP4.5, and in the periods (d) 2021-2050, (e) 2051-2080, and (f) 2021-2080 under RCP8.5
during the soybean growth period.

3.3. Spatial and Temporal Variation of ET,

The spatial distribution of ET, and its climate tendency rate of soybean growth period
for 2021-2080 under RCP4.5 and RCP8.5 are shown in Figures 6 and 7. Under RCP4.5, the
ET. values for 2021-2080 were 356.88-470.45 mm, with an average of 414.35 mm. Under
RCP8.5, the average ET. values for the 2030s, 2050s, and 2070s were 403.94, 423.39, and
436.07 mm, respectively. Under both RCP4.5 and RCP8.5, ET, increased and then decreased
from west to east in the study area.
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Figure 6. Spatial distribution of crop water requirement (ET;) during the (a) 2030s, (b) 2050s, and
(c) 2070s under RCP4.5, and during the (d) 2030s, (e) 2050s, and (f) 2070s under RCP8.5 during the
soybean growth period.

As shown in Figure 7, the climate tendency rates of soybean ET, for 2021-2080 were
2.92-8.11 mm/ (10 years) and 4.08-9.39 mm/(10 years) under RCP4.5 and RCP8.5 with
average values of 6.09 mm/(10 years) and 7.16 mm/(10 years), respectively. The ET,
climate tendency rate was higher in the western region than that in the eastern region
under RCP4.5, whereas it was higher in the eastern region than that in the western region
under RCP8.5. All 26 sites passed the significance test at o« = 0.001 under both RCP4.5 and
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RCP8.5. Specifically, soybean ET. in Yichun and Suifenhe increased at a rate of more than
11 mm /(10 years) under RCP8.5.
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Figure 7. Climate tendency rates of ET, in the periods (a) 2021-2050, (b) 2051-2080, and (c) 2021-2080
under RCP4.5, and in the periods (d) 2021-2050, (e) 2051-2080, and (f) 2021-2080 under RCP8.5
during the soybean growth period.

3.4. Spatial and Temporal Variation of P,

The spatial distribution of P, and its climate tendency rate under RCP4.5 and RCP8.5
during the soybean growth period for 2021-2080 are shown in Figure 8. Under RCP4.5 and
RCP8.5, P, values were 268.41-459.18 mm and 269.53-466.94 mm, with an average of 354.10
and 362.36 mm, respectively. Under RCP8.5, the greatest difference in P, was 94.99 mm.
Under RCP4.5 and RCP8.5, P, first increased and then decreased from west to east; higher
values were mainly distributed in Hailun and Tieli, with an average value greater than
370 mm, while lower values were mainly distributed in Tailai and Huma, with an average
value lower than 340 mm.
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Figure 8. Spatial distribution of effective precipitation (P,) during the (a) 2030s, (b) 2050s, and
(c) 2070s under RCP4.5, and during the (d) 2030s, (e) 2050s, and (f) 2070s under RCP8.5 during the
soybean growth period.
Under RCP4.5, the climate tendency rate of P, during the soybean growth period
from 2021-2080 was —10.81-10.11 mm /(10 years), and the average was 1.37 mm/(10 years)
(Figure 9). A total of 16 sites showed an upward trend, while 10 sites showed a downward
trend. Bei’an, Harbin, Jixi, Suifenhe, and Tieli passed the significance test at & = 0.05, while
Hulin, Keshan, and Suihua passed the significance test at « = 0.1. Under RCP8.5, the
climate tendency rate of Pe for 2021-2080 was —1.16-22.28 mm/(10 years), with an average
value of 8.77 mm/ (10 years). Bei’an, Mudanjiang, Suifenhe, Suihua, and Tonghe passed
the significance test at « = 0.001, while Baoqing, Fuyu, Fujin, and Mingshui passed the
significance test at o« = 0.05.
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Figure 9. Climate tendency rates of P, in the periods (a) 2021-2050, (b) 2051-2080, and (c) 2021-2080
under RCP4.5, and in the periods (d) 2021-2050, (e) 2051-2080, and (f) 2021-2080 under RCP8.5
during the soybean growth period.

3.5. Spatial and Temporal Variation of CD

The CD values during the soybean growth period under RCP4.5 and RCP8.5 from
2021-2080 are shown in Figure 10. Under RCP4.5 and RCP8.5, the CD for 2021-2080 ranged
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from 0.66-0.95 and 0.66-0.96, with average values of 0.84 in both cases, showing a trend of
first increasing and then decreasing in the study area.
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Figure 10. Spatial distribution of CD during the (a) 2030s, (b) 2050s, and (c) 2070s under RCP4.5, and
during the (d) 2030s, (e) 2050s, and (f) 2070s under RCP8.5 during the soybean growth period.

The climate tendency rate of CD during the soybean growth period from 2021-2080
under the RCP4.5 was —0.036-0.014/(10 years), with an average value of —0.007/(10 years),
showing an overall downward trend (Figure 11). Among them, Keshan and Qiqgihar passed
the significance test at o« = 0.001, while Fuyu and Shangzhi passed the significance test at
o = 0.05. However, under RCP8.5, the CD during the growth period of soybean ranged
from —0.013 to 0.029/(10 years), with an average of 0.006/(10 years), showing an overall
increasing trend. The climate tendency rates of CD at the 19 sites were greater than 0, among
which Bei’an passed the significance test at & = 0.001, while Mudanjiang and Tonghe passed
the significance test at oc = 0.05.
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Figure 11. Climate tendency rates of CD in the periods (a) 20212050, (b) 20512080, and (c) 2021-2080
under RCP4.5, and in the periods (d) 2021-2050, (e) 2051-2080, and (f) 2021-2080 under RCP8.5
during the soybean growth period.
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3.6. Spatial and Temporal Variation of I,

The temporal and spatial distributions of I, under RCP4.5 and RCP8.5 during the
soybean growth period for 2021-2080 are shown in Figure 12. Under RCP4.5 and RCP8.5,
the I, values during 2021-2080 were 58.01-159.84 mm and 60.03-166.19 mm, with average
values of 102.44 mm and 100.27 mm, respectively, which showed a trend of first decreasing
and then increasing from west to east in the study area. Under RCP8.5, the greatest
difference in I, during the 2050s was as high as 43.32 mm, which was higher than that
during the 2030s and 2050s (Figure 12d—f).
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Figure 12. Spatial distribution of irrigation water requirement (I,) during the (a) 2030s, (b) 2050s, and
(c) 2070s under RCP4.5, and during the (d) 2030s, (e) 2050s, and (f) 2070s under RCP8.5 during the
soybean growth period.

The average climate tendency rates of I, during the growth period of soybean under
RCP4.5 in 2021-2051, 2051-2080, and 20212080 were 14.88, —5.92, and 3.73 mm /(10 years), re-
spectively (Figure 13). Among the 26 sites, Qiqihar increased at a significance of « = 0.001. Un-
der RCP8.5, the average climate tendency rate of I, for 2021-2080 was —0.067 mm/ (10 years).
I, showed an overall downward trend (Figure 13d-f). During the whole period of the study,
the climate tendency rates of I, in 16 sites were negative, accounting for 61.54% of the total
site number, among which, Bei’an decreased at a significance of « = 0.001.
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Figure 13. Climate tendency rates of I, in the periods (a) 2021-2050, (b) 2051-2080, and (c) 2021-2080
under RCP4.5, and in the periods (d) 2021-2050, (e) 2051-2080, and (f) 2021-2080 under RCP8.5
during the soybean growth period.

3.7. Effect of Climate Change on Water Supply and Requirement

Under RCP4.5 and RCP8.5, soybean ET, was significantly positively correlated with
Tmax and Rad and negatively correlated with RH (Table 2). Under RCP8.5, P, was signifi-
cantly negatively correlated with T, and Rad, significantly positively correlated with T,;,,,
and weakly correlated with RH. Under RCP4.5, I was significantly positively correlated
with average Ty, Tinax, and Rad, and significantly negatively correlated with average RH.
The effects of meteorological factors on soybean ET, in the study area under RCP4.5 and
RCP8.5 for 2021-2080 and the relationships among P., ET,, and I, are shown in Figure 14.
Under RCP4.5 and RCP8.5, soybean ET; was significantly correlated with average T},
Tmax, RH, and Rad. The increase in temperature and Rad led to an increase in ETy, further
increasing ET. (Table 2). The correlation coefficient between ET,; and Rad was greater
than that of Ty, indicating that the increasing soybean ET, was most influenced by Rad,
followed by Tsx. The CD tended to decrease and then increase under RCP4.5; however, it
tended to increase under RCP8.5 from the 2030s to 2070s. Under RCP4.5, ET, increased by
29.45 and 5.55 mm in the 2030s-2050s and 2050s-2070s, respectively, while P, decreased by
12.21 mm in 2030s-2050s and then increased by 16.78 mm in 2050s-2080s. The combined
effects of ET, and P, led to a change in I;, which first increased by 31.01 mm and then
decreased by 13.65 mm from the 2030s to 2070s (Figure 14).

Table 2. Correlation analysis among ETy, ET, P,, I;, and meteorological factors during the soybean

growth period.

Items  Scenarios Periods Toin Tinax RH Rad
2030s ~0.176 —0522% 0769 0790 *
2050s 0.087 0.779%  —0727%  0.892*

RCP45 2070s 0.057 0926*  —0863*  0912*

- 2030520705 0.898 ** 0982%  —0831*  0908*
0

2030s ~0.059 0.405 0450 * 0.508 *

RCPES 2050s ~0.386 0.852*  —0924* 0963 *

: 2070s _0473%  0854%  —0885%  0929*

2030520705 0.971 0.991 ** ~0.226 0.697 **
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Table 2. Cont.

Items  Scenarios Periods Tnin Tinax RH Rad
2030s —0.240 —0.338 0.140 —0.114
2050s 0.390 0.025 —0.487 —0.436
RCP4.5 2070s ~0.149 —0.223 0.255 ~0.208
, 20305-2070s 0.167 —0.021 0.387 ** ~0.306*
e
2030s 0.206 0.081 0.136 —0.142
2050s 0.099 —0.344 0375 ~0.339
RCP8.5 2070s 0.482 * ~0.001 —0.248 ~0.306
20305-2070s 0810*  —0793*  —0.110 —0.324%
2030s 0.152 0.287 —0.184 0.167
2050s —0.283 0.291 —0.698*  0.693*
RCP4.5 2070s ~0.016 0.381 —0.434 0.419
! 2030s-2070s 0.409 ** 0590 *  —0.841*  0.824*
r
2030s —0.232 —0.078 —0.209 0.209
2050s —0.231 0.434 —0.547 0.550 *
RCP8.5 2070s —0.531 * 0.268 —0.489 * 0.582 **
20305-2070s —0.140 0.094 —0.400 ** 0.283 *

Note: * significant correlation at the 0.05 level; ** significant correlation at the 0.01 level.
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Figure 14. Effects of changes in meteorological factors on soybean ET. and the relationships among
P,, ET;, and I, under RCP4.5 and RCP8.5 for 2021-2080. Bars marked with different lowercase
letters indicate significant differences between groups (p < 0.05), while those marked with the same
lowercase letters indicate insignificant differences between groups (p > 0.05).

4. Discussion
4.1. Soybean ET. and Meteorological Factors

Soybean ET, showed an increasing trend from the 2030s to 2070s under RCP4.5 and
RCP8.5 in Heilongjiang Province of China in this study. An upward trend in ET. was
also observed in previous studies involving different crops under future climate change,
including maize in Zimbabwe in the 2020s, 2050s, and 2090s [13], sugarcane in Pakistan in
the 2020s, 2050s, and 2080s [45], rice in Kunshan in the 2020s-2080s [7], wheat, maize, and
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gram in India in the 2020s-2080s [28], wheat in three provinces of northeast China in the
2040s, 2070s, and 2100s [23], and summer maize in Huang-Huai-Hai Plain in 2016-2050 [46].

In the 60 year time series under RCP4.5 and RCP8.5 covered in this study, Ty, Trnax,
Rad, and RH were all strongly related to the increase in ET.. Yang et al. (2021) found
that Rad, wind speed, and P had the strongest linear correlations with cotton ET,, with
correlation coefficients of 0.410-0.789, 0.361-0.676, and —0.215——0.410, for 1965-2016 in
NCP, respectively. The correlation of ET. with RH and average temperature were weak, in
the range of —0.189-—0.047 and —0.102-0.015, respectively [16]. In contrast, under RCP4.5
and RCP8.5, the decline rate of RH climate tendency rate in Heilongjiang Province was
almost twice that of the NCP. The decreased RH in the air increased the evaporation rate,
thus increasing ET, [47]. Nageen reported an increasing trend in ET, for sugarcane as
well, which was due to the forecasted temperature rise in the future Pakistan region, while
the increased P, could not compensate for the increased ET, [45]. In addition, this study
found that the increase in sunshine hours provided more radiation and light energy to the
soybean [48], thus promoting the opening of stomata for plant transpiration and leading to
an increase in transpiration [49]; accordingly, ET, showed an increasing trend. Li et al. [46]
reported that the temperature would continue to rise in the future in the Huang-Huai-Hai
Plain, while the summer maize evaporation would increase, resulting in increased ET,.
However, this study focused more on the impact of the combined effects of T},;,;, Tinax, RH,
and Rad meteorological factors on the increase in ET, in soybean.

4.2. Soybean ET, P, and I,

In this study, the annual average ET, for the soybean growing season under RCP4.5
and RCP8.5 for 2021-2080 was higher than that of soybean in Heilongjiang Province for
1966-2015 reported by Li et al. [30]. The higher ET, indicated soybean in this study area may
suggest the need for more water due to the increase in evapotranspiration derived from
future climate conditions [50]. Oludare et al. (2020) reported that the average temperature
and Rad increased, while soybean ET, increased slightly under RCP4.5 and RCP8.5 for
2021-2099 in the Ogun-Ona River Basin, Nigeria [50]. Similar to the results of this study,
the ET, of soybean in different regions of the world also increased with the same trend of
meteorological factors.

Under RCP4.5 and RCP8.5, the P, and I, of soybean were higher than reported by Li
et al. [30]. Although a small increase in P, was predicted in the future, more I, was still
needed, which probably increased the pressure on agricultural water, as well as drought
frequency [51]. The highest ET, and P, under RCP4.5 and RCP8.5 in this study were
distributed in the south; however, Li et al. (2020) reported that the highest ET, and P,
were in the west [34]. Due to the increase in T, Tiax, and Rad in the southern region
and the decrease in RH, higher ET, is expected in the future. Moreover, in the historical
period, Li et al. [34] did not consider the influence of Rad on ET.. In addition, ET, is
also affected by the plant itself, such as plant canopy structure and plant physiology [52].
Under RCP4.5, the climate tendency rate of ET, was much greater in the west than that
in the east; however, under RCP8.5, the climate tendency rate of ET. showed an opposite
spatial distribution trend, which differed from the results of Hu et al. [37]. This might
be due to the higher values of Rad under RCP8.5, resulting in an increase in the climate
tendency rate of ET, in the east. On the other hand, the meteorological factors came from
different meteorological stations and time series [53]. Under future climate change, their
increasing or decreasing trends and magnitudes are also very different from the past [54].
This study provides long-term information for soybean water and irrigation requirements
in Heilongjiang Province of China under future climate change [55].

4.3. Uncertainties and Limitations of the Study

This study indicated that there was a strong relationship among temperature, P,
variability, ET,, and I, under climate change. Two limitations should be taken into ac-
count in this study. Firstly, due to political and socioeconomic factors, regional climate
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programs are unable to accurately predict the path of future greenhouse gas emissions [56].
We only considered the RCP4.5 and RCP8.5, in which the concentration of CO, is fixed;
however, in fact, the concentration of CO; varies with time [2]. In addition, the “Special
Report on Emission Scenarios” (SRES) also proposed that two other emission scenarios,
Al (emphasizing economic development) and B2 (emphasizing sustainable development),
can also predict the future climate [23]. However, anthropogenic-based climate change
scenarios are one-sided scenarios. Under the actual climate in the future, the biological and
agricultural technological progress of soybean planting will certainly change to reduce the
impact of climate change. Secondly, we adjusted the parameters of the CROPWAT crop
model for Heilongjiang Province, but there were still some uncertainties in the simulation
parameters. For example, K. and crop phenology are expected to change under future
climatic change [57]. Therefore, changes in all meteorological factors caused by global
warming and the uncertainties and limitations of the model should be deeply considered
in further study.

5. Conclusions

In 2021-2080, T, Tmax, and Rad increased while RH decreased under RCP4.5 and
RCP8.5. In particular, the climate tendency rates for T, Tiax, and Rad were higher
under RCP8.5. There was little difference in the climate tendency rate of RH between
RCP4.5 and RCP8.5. Affected by the changes in climate factors in the future, the ET),
ET;, and P, during soybean growth period in Heilongjiang Province showed an up-
ward trend under RCP4.5 and RCP8.5. The climate tendency rates of annual ET, were
6.09 mm /(10 years) and 7.16 mm/(10 years), respectively. The climate tendency rate of
annual I, was 3.73 mm/(10 years) under RCP 4.5, while it was —0.067 mm /(10 years) under
RCP 8.5. The results showed that the soybean in whole Heilongjiang province would face
water shortage stress in the future, especially in the central and western regions. There
would be more P and less ET, in the eastern region. Therefore, we should appropriately
adjust the crop structure, change the planting system, and recommend increasing the
soybean planting area in the eastern Heilongjiang Province. This study can guide future
irrigation system planning and management policy in Heilongjiang Province.
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