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Abstract: In this paper, the quantitative effects of climatic factor changes on irrigation water use were
analyzed in Jiangsu Province from 2004 to 2020 using the Empirical Mode Decomposition (EMD)
time-series analysis method. In general, the irrigation water use, precipitation (P), air temperature (T),
wind speed (Ws), relative humidity (Rh) and water vapor pressure (Vp) annual means + standard
deviation were 25.44 + 1.28 billion m3, 1034.4 + 156.6 mm, 16.1 & 0.4 °C, 2.7 + 0.2 m-s~ 1, 74 + 2%,
and 15.5 & 0.6 hPa, respectively. The analysis results of the irrigation water use sequence using EMD
indicate three main change frequencies for irrigation water use. The first major change frequency
(MCF1) was a 2-to-3-year period varied over a £1.00 billion m?3 range and showed a strong correlation
with precipitation (the Pearson correlation was 0.68, p < 0.05). The second major change frequency
(MCF2) was varied over a £2.00 billion m? range throughout 10 years. The third major change
frequency (MCEF3) was a strong correlation with air temperature, wind speed, relative humidity,
and water vapor pressure (the Pearson correlations were 0.56, 0.75, 0.71, and 0.69, respectively,
p < 0.05). In other words, MCF1 and MCEF3 represent the irrigation water use changes influenced by
climate factors. Furthermore, we developed the Climate-Irrigation-Water Model based on farmland
irrigation theory to accurately assess the direct effects of climate factor changes on irrigation water
use. The model effectively simulated irrigation water use changes with a root mean square error
(RMSE) of 0.06 billion m3, representing 2.24% of the total. The findings from the model indicate

3

that climate factors have an average impact of 6.40 billion m” on irrigation water use, accounting for

25.14% of the total. Specifically, precipitation accounted for 3.04 billion m?3 of the impact, while the

combined impact of other climatic factors was 3.36 billion mS.

Keywords: irrigation water use; empirical mode decomposition; climate change; Climate-Irrigation—
Water Model; Jiangsu Province

1. Introduction

Global climate change is now widely acknowledged and evident in numerous re-
gions [1,2]. Climate model simulations indicate substantial future changes in global tem-
perature and precipitation due to human activities [3,4]. These changes in climate further
influence the availability and condition of regional water resources [5], leading to signifi-
cant shifts in regional water sources, such as precipitation and rivers [6-8]. Additionally,
water consumption patterns transform [9]. Agricultural water, especially irrigation water,
constitutes over 80% of total water usage [10]. Consequently, alterations in water resources
have a profound impact on agriculture, particularly grain production. Global climate
change and the state of irrigation water in farmlands continually challenge food security.
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The COVID-19 pandemic has intensified the urgency to address global food security con-
cerns [11]. Therefore, analyzing the effects of climate change on irrigation water to address
food security issues has emerged as a significant area of recent research focus.

Much research has been conducted from the perspective of irrigation water require-
ment (IWR) calculations driven by climate to investigate the impact of climate change
on irrigation water use. Various methods have been developed to analyze the impact.
The existing methods primarily involve integrating General Circulation Models (GCMs)
outputs with hydrological models to predict IWR [12-14]. The agricultural crop models
are also used jointly to calculate IWR accurately [15,16]. Christy B et al. [17] deployed
the CAT-wheat model to simulate wheat’s transpiration in the growth stage. Further-
more, empirical statistical models have been developed to predict IWR [18-20]. Khaydar
D et al. [21] estimated reference evapotranspiration (ETj) according to this formula and
further calculated the IWR in the middle and lower reaches of the Amu Darya River Basin.
According to the Penman-Monteith formula [22], defined by the Food and Agriculture
Organization (FAO), Wang X et al. [23] constructed an estimation model between the main
climate elements and the IWR in Baojixia, China. Perea R G et al. [24] combined machine
learning with satellite remote sensing to build a platform for predicting IWR a week ahead
with an accuracy between 17% and 19%.

However, the above methods for estimating IWR in agricultural research have certain
limitations. The selection of different hydrological models is challenging due to their varied
focuses [25,26]. These models often involve numerous internal parameters, making the task
of learning and adjusting them complex [27]. Moreover, many hydrological models exhibit
considerable uncertainties influenced by uncontrollable factors [28,29]. Although empirical
statistical models offer simplicity and ease of use, it is difficult to establish a quantitative
relationship between climate parameters and IWR [15].

The Empirical Mode Decomposition (EMD) method, proposed by Huang N.E. et al. [30],
emerged as an alternative to mainstream frequency analysis techniques like Fourier trans-
form and wavelet analysis. EMD is a data-driven analysis method suitable for complex
and non-stationary time-series data. Its decomposed components, called Intrinsic Mode
Functions, are adaptive [31]. EMD has proven effective in extracting the main variation
frequencies from time-series data. As a result, EMD is widely used for data filtering and
denoising purposes [32-34], particularly in signal analysis. Moreover, EMD has also found
applications in the study of hydrological data in recent years. Huang S et al. [35] improved
the conventional EMD-SVM (support vector machine) model to develop the M-EMDSVM
model for monthly streamflow forecasting in the Wei River Basin. The comparison of results
revealed that the M-EMDSVM approach provides a superior alternative to ANN, SVM
and EMD-SVM models for forecasting monthly streamflow at the Huaxian hydrological
station, and its pass rate of prediction reached up to 82.6% in Huaxian station. Sang Y F
et al. [36] investigated the performances between the Mann-Kendall (MK) test and the
EMD method for trend identification of series. The results showed that the EMD method
could adaptively determine the specific shape of the nonlinear and non-stationary trend
of series by considering statistical significance, and it could be an effective alternative for
trend identification of hydrological time series. Tan Q F et al. [37] also used the ensem-
ble empirical mode decomposition (EEMD) method to analyze the monthly runoff in the
Yangtze River Basin. They built forecasting models of different modes based on the artificial
neural network (ANN) model, which could accurately predict the monthly runoff in the
flood season. Libanda B et al. [38] used EEMD to understand consecutive dry days in the
Zambezi Riparian Region. Results indicated that periodic characteristics of consecutive dry
days (CDDs) were generally few, mainly at the intra and interannual timescales.

The objective of this paper is to comprehensively analyze the direct impact of climate
factors on irrigation water use in Jiangsu Province, China. This is achieved by examining
the correlation between historical climate data and irrigation water use data from 2004 to
2020. The Empirical Mode Decomposition (EMD) method was employed to identify the
predominant change frequencies in historical irrigation water use. Through correlation anal-
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ysis, the climate factors contributing to each significant change frequency were determined.
Subsequently, a quantitative model was developed to accurately depict the relationship
between irrigation water use and climate factors specific to Jiangsu Province. The analytical
approach and modeling process proposed in this paper are both straightforward and robust,
facilitating a comprehensive exploration of the direct influence of regional climate factors
on irrigation water use. The outcomes of this study provide valuable insights and serve as
a crucial reference for future research endeavors in the realm of irrigation water use.

2. Materials and Methods
2.1. Study Area

Jiangsu Province, situated on the eastern coast of mainland China between 116°18'-
121°57' east longitude and 30°45'-35°20' north latitude, features a subtropical monsoon
climate. The region experiences an annual average temperature of approximately 16.0 °C,
along with an average annual precipitation of 1000.0 mm. With two distinct crop-growing
seasons, Jiangsu Province primarily cultivates winter wheat and rice as its main crops.
Notably, the effective irrigation area for these crops spans 3.94 million hectares, constituting
51.87% of the total cultivated area which stands at 7.59 million hectares [39].

2.2. Data Introduction

The irrigation-water-use data covering the period of 2004-2021 were sourced from the
Water Resources Bulletins of Jiangsu Province. These bulletins are publicly available on the
Department of Water Resources website of Jiangsu Province [40]. In general, the specific
calculation process of irrigation water use is as follows:

_ W

W,
8 N

Wn = ZmiAi

where:

W, represents the gross regional irrigation water use (including water consumption).
W,, stands for net irrigation water use.

1w represents the efficiency of irrigation water use.

m; represents the irrigation water use quota for the i-th type of crop in a typical
hydrological year.

e  A; denotes the planting area of the i-th type of crop.

The climate data utilized in this study were obtained from the Surface Meteorological
Observatory station of Jiangsu Province and were retrieved from the China Meteorological
Data Website [41]. This climatic dataset encompasses various parameters including precipi-
tation (P), air temperature (T), wind speed (Wj), relative humidity (Ry), and water vapor
pressure (V) for each station within Jiangsu Province.

2.3. Method Qverview

The analysis process is illustrated in Figure 1. Initially, the Empirical Mode Decompo-
sition (EMD) technique was applied to dissect the time-series data of irrigation water use,
revealing the significant change frequencies. Subsequently, through correlation analysis
and statistical testing, the key change frequencies susceptible to climatic influences were
identified. Using the Penman—Monteith formula as a foundation, distinct climatic models
for irrigation water use were formulated corresponding to each selected significant change
frequency. Ultimately, an overarching climatic irrigation water use model was established
by integrating all the individual models, offering a comprehensive representation of the
impact of climate factors. Concurrently, the change frequencies not influenced by climate
factors were attributed to non-climate forces. Within the non-climate segment, a division
was made between the basic and perturbation states for further analysis.
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Figure 1. The quantitative analysis flow chart to assess climate influence on irrigation water use.

2.4. Data Analysis Method
2.4.1. Empirical Mode Decomposition

EMD is a sequence data analysis method. Any data sequence can be split into the sum
of several Intrinsic Mode Functions (IMF), where it must satisfy the two constraints, as
given in Equation (1).

|Point, — Point,| <1
{ ena(3)+emn(x) _ M

where Point, and Point, are the extreme points and zero points on the IMF curve, e,y ()
is an upper envelope constructed by the spline interpolation of IMF maximum points, and
emax (x) is the lower envelope constructed by the spline interpolation of IMF minimum points.

The process of using EMD for sequence data f(x) is given below:

(1) Find all extreme points of f(x). Use cubic spline interpolation method to fit the
maximum points to the upper envelope e,y (x) and the minimum points to the lower
envelope e, (x).

(2) Use Equation (2) to calculate the average curve mj(x). The intermediate sequence
data Cy1(x) is decomposed out, as in Equation (3)

ml(x) _ emax(x) 'zi_emin(x) )
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Cra(x) = f(x) —ma(x) ®)

(3) Determine whether the intermediate sequence data C; 1 (x) satisfies Equation (1).
If it satisfies the condition, it is an IMF; otherwise, use Cj1(x) and repeat steps 1 and 2
until the Cy x(x), which is obtained after k times of calculations and satisfies the constraint
condition. Then, take Cj ;(x) as imf;(x).

(4) Use Equation (4) to calculate the remaining sequence of data f»(x); for f»(x), repeat
steps 1, 2, 3 and 4 until f,(x) is a monotonic sequence. Finally, the original sequence data
f(x) are decomposed into n IMF parts and residual part, f,(x), as Equation (5).

fa(x) = f(x) —imf, 4)
szf )+ fu(x) (5)

2.4.2. Correlation and Testing Method

The Pearson correlation coefficient R [42] was used to analyze the correlation between
climatic factors and irrigation water use. The higher the absolute value of R, the stronger
the correlation. Equation (6) presents the Pearson correlation formula.

Yith (i —X)(vi — V)
lelxz \/Z

where x; is a certain climate factor, X is the average value of climate factor, y; is irrigation
water use, i/ is the average value of irrigation water use, and m is the sample size.

There are a variety of statistical tests for calculating the significance level, p-value.
It refers to the probability that the hypothesis, in which the real correlation is zero according
to the correlation coefficient R, is true. Namely, when the samples x and y conform to
the normal distribution, the probability density function of the correlation coefficient R
distribution is Equation (7). The p-value is calculated using Equation (8). Generally, the
smaller the p-value is, the more significant the correlation is. In this paper, 0.05 and 0.01 are
used as the standard for assessing the significance of the correlation.

(6)

f(R) = *— )
B(33-1)
[R]
P= [ F(R)R (®)
—|R|

R is the correlation coefficient, m is the sample size, and B is the beta distribution.

2.4.3. Irrigation-Water-Use Model and Evaluation

The irrigation water requirement (IWR) and the climate factor have an approximate
relationship in Equation (9), defined by FAO [22].

IWR = Z — P,)-Area; 9)

where IWR is the irrigation water requirement (m?), Area; is the crop planting area (m?),
P, is the effective precipitation (mm), ET; is the actual total evapotranspiration of crops
(mm), and 7 is the number of crops.

In actual irrigation, the actual irrigation water use is not equivalent to IWR due to the
irrigation method. So, we describe the relationship between IWR and irrigation water use
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by introducing a coefficient € (Equation (10)), a region-specific parameter influenced by the
regional irrigation method and irrigation efficiency.

AIWU = ¢ x IWR (10)

where AIWU is the irrigation water use. According to the Penman—-Monteith formula, it is
known that

1 1
ET T —, 11
CO(( /WS/thVp) ( )
where T is the average air temperature (°C), W; is the average wind speed (m-s~1), Ry,
is the relative humidity, and V), is the water vapor pressure (hPa). Equation (12) can be

obtained from Equations (9)-(11)

1 1 1
AIWU (P,T, We, Rh,vp) (12)
That is, in the irrigation region, the AIWU is proportional to the average temperature
T and average wind speed, Ws, and inversely proportional to the precipitation P, relative
humidity Rj, and water vapor pressure, V.
Based on the above analysis process, a statistical model of Equation (13) can be built
to describe the relationship between climate factors and irrigation water use.

T WS

AIWU = kPRth

+b (13)

where AIWU is the irrigation water use fitted by the model, and k and b are empirical
coefficients.

Sometimes, this irrigation water use model (Equation (13)) should be optimized and
adjusted if some climate elements may not have a significant correlation with the irrigation
water use. For example, if the correlation between the wind speed (W;) and the irrigation
water use is not significant, Ws will be infinitely close to 1. Then, the irrigation water use
model will be Equation (14). Finally, the empirical coefficients k and b are obtained by the
least-squares method.

AIWU = k

PRy, (14)

Equation (15) is used to calculate the root mean square error (RMSE) to describe the
built model’s accuracy.

(15)

where x; is the true value, %; is the model simulated value, and 7 is the sample size.

2.4.4. Data Analysis Tools

In this paper, Python 3.7 [43] was used for the calculation and data analysis. The
tripartite libraries used were NumPy 1.21.6 [44], Pandas 1.3.0 [45], PyEMD 0.2.7 [46,47],
SciPy 1.7.3 [48], scikit-learn 0.23.1 [49] and Matplotlib 3.5.2 [50].

3. Results
3.1. Characteristics of Climate Factors Change

The distribution of climatic factors in Jiangsu Province from 2004 to 2020 is shown
in Figure 2. The annual average + standard deviation of precipitation was 1034.4 +
156.6 mm, with a fluctuation range of —24-36% (Figure 2a). The precipitation was less in
2004, 2013 and 2019 (784.3, 833.4 and 798.5 mm, respectively). The highest precipitation
was 1410.5 mm in 2016.
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Figure 2. The climate factor in Jiangsu Province from 2004 to 2020: (a) the histogram of the total
annual precipitation; (b) the average annual and daily values of air temperature; (c) the average
annual and daily values of wind speed; (d) the average annual and daily values of relative humidity;
and (e) the average annual and daily values of water vapor pressure. The daily value axis of (b—e) is

on the right.

Figure 2b shows the air temperature variation. The multi-year average £ standard
deviation of air temperature was 16.1 °C. The temperature was the lowest in 2011 (15.4 °C)
and the highest in 2007 and 2017 (16.7 and 16.6 °C). Based on linear regression, it showed a
trend of “decrease-increase”. Specifically, there was a decrease rate of 0.11 °C/year from
2004 to 2011 (p < 0.05), and an increase rate of 0.13 °C/year during the period from 2011 to

2020 (p < 0.05).

The multi-year average + standard deviation of wind speed (Figure 2c) was 2.7 +
0.2 m-s~!. The highest wind speed was 2.7 m-s~! in 2005, and the lowest was 2.6 m-s~! in
2015. The linear fitting showed a decreasing wind speed trend by 0.02 m-s~!/year.

The trend in relative humidity (Figure 2d) was consistent with the water vapor pres-
sure (Figure 2e). The multi-year average + standard deviation of relative humidity was
74 +£ 2%, changing between 70% (2011) and 77% (2020). The average water vapor pressure
fluctuated from 14.5 hPa in 2011 to 16.6 hPa in 2018, with an average + standard deviation
of 15.5 £ 0.6 hPa. The linear fitting analysis revealed that during the period of 2004-2011,
both the relative humidity and water vapor pressure exhibited a declining trend, with
a decrease rate of 0.4% and 0.1 hPa (p < 0.05). However, in the subsequent period of
2011-2020, both climatic elements showed an increasing trend, with an increase rate of 1%

and 0.2 hPa (p < 0.05), respectively.
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3.2. Characteristics of Irrigation Water Use Change

Figure 3a shows the irrigation water use variation in Jiangsu Province from 2004 to
2020. The average annual irrigation water use was 25.44 billion m3, with a maximum of
27.38 billion m? in 2011 and a minimum of 23.96, 23.87 and 23.72 billion m? in 2005, 2007
and 2016, respectively. The irrigation water use showed an “increases-decrease-increase”
trend. It gradually increased in 2005-2011 with a rate of 650.00 million m?/year (Mann-
Kendall test was 0.81, p < 0.01), then decreased in 2011-2016 with a rate of 750.00 million
m3/year (Mann-Kendall test was —0.99, p < 0.01), and finally increased again in 2016-2019
with the rate of 942.00 million m?/year but the increase was not significant (Mann-Kendall
test was 0.67, p > 0.01).

(a) Irrigation Water Use (x108m?)

260 -
240 -
1 1 1 1 1 1 1
2004 2006 2008 2010 2012 2014 2016 2018 2020
Year
(b) EMD Calculation Result (x10°m?)
104 bD Fi
- ME \\\ /"\\ semmmmmsL L e R ,,"\\ /// \\\\
5= 04 .\ s ol T T e Y \
=% R 3 \
-10 e
20 1 L S ——
R /,r” ““““ - e
=% e /,/ e aee 57
-20 4 e
e 2554 b T
umE ~~~~~~~
s 1 T
2504 T
1 1 1 1 1 1 —
2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Figure 3. The irrigation-water-use variation (a) and the analysis results (b) based on EMD. The first,
second, and third major change frequency (MCF1, MCF2 and MCE3) of irrigation-water-use were
showed in b1-b3.

The calculation of the irrigation water use series based on the EMD is depicted in
Figure 3b. There were three main change frequencies for irrigation water use, namely
MCF1, MCF2 and MCF3. The MCF1 (Figure 3(b1)) was a 2-to-3-year period varied over
a £1.00 billion m? range. It exhibited significant fluctuations during 2004-2007 and 2016~
2020, while remaining relatively stable during the other years. The MCF2 (Figure 3(b2))
varied over a +2.00 billion m3 range throughout 10 years. There was a complete cycle
change during 2006-2016. Simultaneously, the amplitude of this cyclic variation gradually
decreased. For instance, the lowest amplitude in 2006 was —1.84 billion m?3, while it was
—1.09 billion m? in 2016, with an overall declining rate of 0.08 billion m3/year. The MCF3
(Figure 3(b3)) exhibited a consistent decreasing pattern, declining from 25.67 billion m?
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MCF1

MCF2

MCF3

to 24.76 billion m® between 2004 and 2020. It also showed that the irrigation water use
generally had a downward trend with a decreasing rate of 0.05 billion m?/year.

3.3. Relationship between Climatic Factors and Irrigation Water Use

The correlation between climatic factors and MCF1, MCF2, and MCF3 is presented in
Figure 4. The findings indicated that precipitation exhibited the highest correlation with
MCF1, with a Pearson correlation coefficient of 0.68, and this correlation was statistically
significant (p < 0.05). Air temperature, wind speed, relative humidity, and water vapor
pressure had correlation coefficients of 0.56, 0.75, 0.71, and 0.69, respectively, with MCE3,
all of which were significant at a p < 0.05 level. However, the relationship between MCF2
and these climate factors was weak and non-significant, implying that non-climatic factors
potentially influenced MCF2.

JUSIOIJJO0 ) UOTB[ALIO)) UOSIEJ JO IN[BA dIN[0SqY

Note: "* meansp < 0.05, * * meansp < 0.01

Figure 4. The correlations of climate factors with MCF1, MCF2 and MCF3.

3.4. Climate—Irrigation—Water Model
According to the analysis in Section 2, Equation (16) can be concluded.

AIWU = MCF1 + MCF2 4+ MCF3 (16)

where AIWU is the irrigation water use, and MCF1, MCF2, and MCF?3 are the first, second,
and third major change frequencies, respectively. The relationship between MCFs and
climate factors is described by the following model (Equation (17)).

MCF1 = ki pg - + by
MCF2 = kzIFR—ZV‘s,p + by (17)
MCF3 = ks ppr + b3



Water 2023, 15, 3013

10 of 16

Based on the analysis presented in Section 3.3, the MCF1 was only related to the
precipitation, while MCF3 was related to air temperature, wind speed, relative humidity,
and water vapor pressure. So, let the irrelevant items in the formula tend to 1, which
reduces Equation (17) to
(18)

MCF3 = ks gy + b3

{ MCF1 =k 3+ by

The parameters in Equation (18) were solved using the least-squares algorithm. Then,
based on the superposition of individual models, the Climate-Irrigation-Water Model was
obtained, as shown in Equation (19). The fitting effect R? of MCF1 was 0.50, and the fitting

effect RZ of MCF3 was 0.68.
AWl = 207215 | g61.99 I;F V‘\f + MCF2 + 190.43 19)
nVp

The estimated irrigation water use using Equation (19) is shown in Figure 5. The results
showed that the trend in irrigation water use simulated by Equation (19) was consistent
with the observed trend. The time-series plot in Figure 5a indicated a good simulation of
the real change in irrigation water use. A scatter plot of the simulated and true irrigation
water use showed that the points were evenly distributed around the 1:1 line (Figure 5b).
The model’s RMSE was 0.06 billion m?, accounting for 2.24% of the average irrigation water
use. It means a lower model error and better simulation of irrigation water use.

(a) the Fit Line of Irrigation Water Use (x10%m?) (b) Actual Value and of Prediction Value

275 °
270 - 270 [ ] [ ]
® [
265 ° °
%
s 260 260 °
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:n)f § 255 o
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£
E 245
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O
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Figure 5. Simulation of Climate-Irrigation-Water Model (a,b) and the contribution of model items (c).
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The Climate-Irrigation—-Water Model (Equation (19)) shows that it consists of four

items: the first two items % and % are related to climatic factors, the third

item MCF?2 is related to non-climatic factors, and the fourth item is constant. Contributions
of items related to climate elements to irrigation water use are shown in Figure 5c. The
outcomes indicated that the average contribution of precipitation to irrigation water use
amounted to 3.04 billion m3, equivalent to 11.94%. This contribution displayed considerable
fluctuation (with a standard deviation of 452.00 million m3), particularly during the period
from 2013 to 2020. Moreover, the average contribution of other climatic components, such as
temperature and wind speed, stood at 3.36 billion m?, making up 13.20%. This contribution
exhibited relatively gradual variations, with a standard deviation of 299.00 million m3.

A minor fluctuation was observed from 2004 to 2011.

4. Discussion

In this paper, we developed a Climate-Irrigation-Water Model based on the theory of
farmland irrigation and the EMD method. It is crucial not to overlook either the theory of
farmland irrigation or the EMD method. Ignoring the theory of farmland irrigation may
result in noticeable errors when analyzing the impact of climate change on irrigation water
use. For example, considering only the linear relationship between climatic factors and
irrigation water use would oversimplify the model.

ATWU = —0.05P — 4.23T — 17.40W, + 0.92R;, — 14.13V, 4 568.12 (20)

Furthermore, Equation (20) showed a negative linear correlation between AIWU and
T. It meant that as the temperature increases, the irrigation water use will be greatly
reduced, contrary to the previous studies [51-53]. On the other hand, if the model were
solely constructed based on the theory of farmland irrigation, it would be expressed
as follows.

S TW;
AIWU =0 206. 21
u * PRV, +206.03 (21)
where the 0 parameter is
0 =14 x10°

when the farmland irrigation theory was used as the basis, the model structure of Equation (21)
was more reasonable, and the relationship between the irrigation water use and climatic factors
was clearer. But, its RMSE was 0.09 billion m?, which was 50.00% more than the model built
by the theory of farmland irrigation and the EMD method together (Equation (19)).

The unreasonable error of Equations (20) and (21) models was not considering non-
climatic factors. Climatic and non-climatic factors such as irrigation area, planting structure,
and irrigation efficiency influence the actual irrigation water. Therefore, constructing a
model solely based on climatic factors is unreasonable and inaccurate. This paper utilized
the EMD to analyze the major change frequencies of irrigation water use. The trends of
each major change frequency were apparent, and the impact of climate elements on these
frequencies was intuitively determined, allowing for the development of a more reasonable
and accurate model.

The final model (Equation (19)) revealed that irrigation water use consists of four
components, two of which were influenced by climate factors, while non-climatic factors
influenced the other two. For the climate-related components, the first part is primarily
influenced by precipitation, while the second part is affected by the combined effects of
temperature, wind speed, and water vapor pressure. The model’s structure aligns closely
with the findings of the FAO. According to the model, the contribution of climate factors
to irrigation water fluctuates around 6.40 billion m3, accounting for 25.14% of the total
irrigation water, which is consistent with the results obtained by Fischer G et al. [54] and
De Silva C S et al. [55]. Notably, the contribution experienced significant fluctuations from
2013 to 2020, primarily driven by the first part related to precipitation. In contrast, the
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contribution shows slight variations during 2004-2011, primarily influenced by the second
part associated with temperature and other climate factors (Figure 5c).

In contrast, the non-climatic components of the model consist of MCF2 and the con-
stant term. The constant term has a value of 20.60 billion m3, representing the average
amount of irrigation water use in Jiangsu Province from 2004 to 2020 without the influence
of climate factors. This value refers to the basic irrigation water use (BAIWU), which
represents the average state based on the analysis of irrigation water use during the years
2004-2020. The BAIWU is primarily influenced by various factors in Jiangsu, including
average irrigation area, average planting structure, average irrigation efficiency, and others.
Since the BAIWU reflects the average state between 2004 and 2020, its value is unlikely
to change in the near future (5-15 years). However, it may be subject to alteration due to
unforeseen factors in the distant future.

The MCF2 part, which changes between —2.00 and 2.00 (billion m?), is the perturbation
at the state, that is, the perturbation of irrigation water use (PAIWU). The PAIWU is caused
by small human-made adjustments in agricultural production between years. Here is a
simple example to illustrate the concept. In the first year, the rice cultivation area increased
due to market demand, resulting in an increased irrigation water requirement. However,
in the second year, there was a reduction in cultivated land area due to urbanization,
leading to a decrease in irrigation water. This disturbance process typically occurs over a
longer period in reality. In summary, the PAIWU is primarily attributed to the continuous
accumulation of small positive and negative human influences. Fortunately, the analysis of
the disturbance amplitude of MCF2 shows that the complex and uncontrollable human
influence is gradually diminishing over time, with a decreasing rate of 0.08 billion m?
per year. Equation (21) was developed based on the data analysis of MCEF2 to reflect the
changes in PAIWU over time.

MCEF2(t) = max(0, 22.30 — O.76t)sin(g(t +5)) (22)

where t is
t = Year — 2004

Figure 6a shows the variation of the disturbance irrigation water simulated by
Equation (22), and Figure 6b shows a scatterplot of true and fitted values. The results
showed that MCF2(t) could fit the variation of the PATWU well, and the simulation and
true scatter plots were evenly distributed on the 1:1 line. Further analysis of Equation (22)
showed that the PAIWU decreased gradually over time and might be negligible after
20 years in the future.

This paper aimed to analyze the changes in irrigation water use on different time
scales. In addition, it analyzed the influence of various climatic elements on it. Finally,
an irrigation-water-use simulation model was developed. The results provided some
reference and research basis for the subsequent study of irrigation water use. There are
still some parts in the paper that need further analysis in the future: (1) For this paper,
our main purpose was to try to propose a new method and direction for building the
Climate-Irrigation—-Water Model. So, based on the evapotranspiration theory, we only
considered the simple relationship between climatic elements and irrigation water use. In
fact, more details should be considered to improve the model’s accuracy and rationality.
For example, the Climate-Irrigation-Water Model should further consider the constraints
of climatic elements. (2) The impacts of human factors on irrigation demand, such as
planting area, planting structure, water-saving factors, etc., still need to be analyzed for
future irrigation water change.
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Figure 6. The MCEF2 fitting curve (a) and scatter plot (b).

5. Conclusions

This paper analyzed the climatic factors and irrigation water use in Jiangsu Province
during 20042020 by the Empirical Mode Decomposition method. Here are some conclusions:

(1) The annual means =+ standard deviation of irrigation water use, precipitation, air
temperature, wind speed, relative humidity and vapor pressure were 25.44 + 1.28 billion m?,
1034.4 + 156.6 mm, 16.1 £ 0.4 °C, 2.7 £ 0.2 m-s~!, 74 + 2%, and 15.5 & 0.6 hPa, respectively.
(2) Based on the EMD method, it showed that the irrigation water use had three main change
frequencies (MCF1, MCF2 and MCEF3). The MCF1 was a 2-to-3-year period varied over a
+1.00 billion m® range. The MCF2 was varied over a 4-2.00 billion m3 range throughout
10 years. The MCF3 showed a downward trend with a rate of 0.05 billion m?/year. The
correlation analysis showed that the MCF1 was influenced by the precipitation (the Pearson
correlation was 0.68, p < 0.05). At the same time, the MCF3 was comprehensively impacted
by temperature, wind speed, relative humidity, and water vapor pressure (the Pearson
correlations were 0.56, 0.75, 0.71, and 0.69, respectively, p < 0.05). (3) Then, based on
the correlation selection and the farmland irrigation theory, the Climate—Irrigation—Water
Model was developed. Its root mean square error (RMSE) was 0.06 billion m?, accounting
for 2.24%, and the simulation was accurate. It revealed that the average impact of climate
factors on agricultural irrigation water use was 6.40 billion m3, accounting for 25.14%, of
which the impact of precipitation was 3.04 billion m?, and the comprehensive impact of
other climatic factors was 3.36 billion m?>.

Nevertheless, future research priorities remain ahead to enhance further and continue
the irrigation water use study. (1) When constructing the Climate-Irrigation—-Water Model,
it is essential to consider more details. For example, the model should further consider the
constraints of climatic elements. (2) The impacts of human factors on irrigation water use,
such as planting area, planting structure, water-saving factors, etc., still need to be analyzed.
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