* water

Article

A Drought Index: The Standardized Precipitation
Evapotranspiration Irrigation Index

Liupeng He 12, Liang Tong -2, Zhaoqiang Zhou >*0), Tianao Gao 4, Yanan Ding %*, Yibo Ding 12, Yiyang Zhao °

and Wei Fan 12

check for
updates

Citation: He, L.; Tong, L.; Zhou, Z.;
Gao, T,; Ding, Y.; Ding, Y.; Zhao, Y.;
Fan, W. A Drought Index: The
Standardized Precipitation
Evapotranspiration Irrigation Index.
Water 2022, 14, 2133. https://
doi.org/10.3390/w14132133

Academic Editor: Maria Mimikou

Received: 19 May 2022
Accepted: 29 June 2022
Published: 4 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Yellow River Engineering Consulting Co., Ltd., Zhengzhou 450003, China; kewenfei@163.com (L.H.);

tongliang_yrec@126.com (L.T.); dingyiboxbnl@nwafu.edu.cn (Y.D.); yin715403328@163.com (W.E.)

Key Laboratory of Water Management and Water Security for Yellow River Basin, Ministry of Water

Resources (under Construction), Zhengzhou 450003, China

State Environmental Protection Key Laboratory of Integrated Surface Water-Groundwater Pollution Control,

School of Environmental Science and Engineering, Southern University of Science and Technology,

Shenzhen 518055, China

School of Engineering, The University of Sydney, Sydney, NSW 2000, Australia; tgao8304@uni.sydney.edu.au

Changjiang Survey Planning Design and Research Co., Ltd., No. 1863 Jiefang Avenue, Wuhan 430000, China

6 ZJU-UIUC Institute, International Campus, Zhejiang University, Hangzhou 310058, China;
yiyangzhao@intl.zju.edu.cn

*  Correspondence: 11930942@mail.sustech.edu.cn (Z.Z.); dingyanan@whu.edu.cn (Y.D.)

Abstract: Drought has had an increasingly serious impact on humans with global climate change.
The drought index is an important indicator used to understand and assess different types of
droughts. At present, many drought indexes do not sufficiently consider human activity factors.
This study presents a modified drought index and the standardized precipitation evapotranspiration
irrigation index (SPEII), considering the human activity of irrigation that is based on the theory of the
standardized precipitation evapotranspiration index (SPEI). This study aims to compare the modified
drought index (SPEII) and -SPEI and self-calibrating Palmer drought severity index (scPDSI) in the
major crop-producing areas and use SPEII to evaluate the possible future drought characteristics
based on CMIP5 Model. The Pearson correlation coefficient was used to assess the relevance between
drought indexes (SPEII, SPEI, and scPDSI) and vegetation dynamics. The normalized difference
vegetation index (NDVI) was used to represent the vegetation dynamics change. The results showed
that SPEII had better performance than the SPEI and scPDSI in monitoring cropland vegetation
drought, especially in cropland areas with high irrigation. The winter wheat growth period of the
SPEII had better performance than that of summer maize in croplands with higher irrigation levels
on the North China Plain (NCP) and Loess Plateau (LP). In general, future drought on the NCP
and LP showed small changes compared with the base period (2001-2007). The drought intensity
of the winter wheat growth period showed an increasing and steady trend in 2020-2080 under the
representative concentration pathway (RCP) 4.5 scenario on the NCP and LP; additionally, the severe
drought frequency in the central LP showed an increasing trend between 2020 and 2059. Therefore,
the SPEII can be more suitable for analyzing and evaluating drought conditions in a large area of
irrigated cropland and to assess the impacts of climate change on vegetation.

Keywords: drought index; irrigation; CMIP5; NDVI; SPEII index

1. Introduction

As one of the most typical climate disasters worldwide, drought is a complex and
periodic natural hazard [1,2] that impacts agriculture [3], the ecological environment [4],
residential life [5], and socioeconomics [6]. With global climate warming and increasing
human activity, drought change will be a more important factor in agricultural produc-
tion in the future [3,7,8]. Therefore, accurately evaluating future drought could provide
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decision support for agricultural development [9,10]. At present, based on different RCP
(Representative Concentration Pathway) scenarios of CMIP5 (the fifth phase of the Coupled
Model Intercomparison Project), future droughts are identified in many studies [8,10-12].
For example, Zhou et al. [10] used the representative RCP4.5 and RCP8.5 scenarios of
the CMIP5 models to evaluate vegetation drought in the future. Wu et al. [13] also used
the RCP2.6 and RCP4.5 scenarios of the CMIP5 models to evaluate global meteorological
drought risk.

There are many types of droughts, including meteorological drought [14], hydrological
drought [15], agricultural drought [2], vegetation drought [10], and ecological drought [16].
Meteorological drought is usually defined as precipitation appearing lack condition over
a region in a period of time [2]; hydrological drought is defined as a period of time,
water resources of surface and subsurface appearing lack and inadequate condition [2];
agricultural drought is defined as the reduction of soil moisture, during a period of time,
which leads to consequent crop failure or dropping in production [2]; ecological drought is
defined as an episodic deficit in water availability that drives ecosystems beyond thresholds
of resilience into a vulnerable state, impacts ecosystem services, and triggers feedbacks in
natural and/or human systems [16].

Many studies have established and developed drought indexes based on the theory
of different drought types [17,18]. For example, Wang et al. [19] added runoff data to
develop a multi-scalar meteorological drought index (the standardized precipitation evapo-
transpiration runoff index) that uses the same calculation principles as the standardized
precipitation evapotranspiration index (SPEI). Jiao et al. [18] structured a framework for a
new integrated drought index and added some variable data to develop the geographically
independent integrated drought. Geographically independent integrated drought is based
on the theory of meteorological, agricultural, and vegetation drought [18]. Wang et al. [17]
added streamflow data and used a copula function to develop a drought index and stan-
dardized precipitation evapotranspiration streamflow index, which was also based on the
theory of meteorological and hydrological drought. Wu et al. [20], based on the theory
of agricultural drought, used soil moisture and evapotranspiration to structure several
new drought indexes. These drought indexes reflect water stress for winter wheat on the
North China Plain (NCP) [20]; Won et al. [21] combined multiple meteorological drought
indexes to use a copula function to develop a new drought index, the copula-based joint
drought index. Based on the previous studies, natural meteorological, hydrological, and
soil factors were usually considered in constructing drought index. However, many of
the above studies ignore the impact of human activities to regulate the effects of drought.
At present, some studies have found that drought indexes (such as the SPEI) usually
ignore human activity factors that impact changes in natural meteorology, especially in
cropland areas [22-24]. Irrigation is a typical human activity that is applied in agricultural
production [25,26]. Accordingly, Li et al. [25] quantify and compare different irrigation
strategies to reduce deep percolation in cropland in North China Plain; Zeng et al. [26]
assess the effects of precipitation and irrigation on crop yield and water productivity in
North China Plain. Irrigation and water resource scheduling also play key factors that
impact the water deficit condition of cropland vegetation [26—28]. Meanwhile, based on
the above analysis, few studies of drought indices considered the impact of irrigation to
agricultural drought. However, a self-calibrating Palmer drought severity index (scPDSI)
as a typical agricultural drought index is also developed and applied in detection of agri-
cultural drought [14]. However, scPDSI also ignores the impact human irrigation activities
to cropland vegetation [29].

Therefore, the objectives of this study were as follows: (1) to develop a new drought
index considering irrigation factors based on traditional drought index framework; (2) to
compare the performance the SPEII, SPEI, and scPDSI in cropland vegetation response
to drought; and (3) to evaluate drought change and provide some strategies for regional
irrigation and water resource scheduling management in the future based on CMIP5 models.
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The results can provide reference for agricultural drought early warning and monitoring in
the future.

2. Data and Methods
2.1. Study Area

China, located in East Asia (3°51' N—53°33’ N and 73°29' E-135°04’ E), has an approx-
imate land area of 9.63 x 10° km? and a sea area of 3.00 x 10° km? [14], which includes
Taiwan Province and the South China Sea. As shown in Figure 1a, China has a complex
terrain that mainly includes plateaus, basins, and plains. The main plateaus are the Inner
Mongolia Plateau, the Loess Plateau (LP), the Qinghai-Tibet Plateau, and the Yun-Gui
Plateau; the main plains are the Northeast China Plain, the NCP, and the Middle-lower
Yangtze Plain; and the main basins are the Sichuan Basin, the Dzungarian Basin, and the
Tarim Basin. The Yellow River, Yangtze River, and Pearl River are the main rivers in China.
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Figure 1. Topographic and geographic zones in China (a), ecological vegetation types in China (b),
and the nine major crop-producing areas in China and typical crop-producing areas (c).

Vegetation can be divided into cropland, grassland, forest, shrubland, desert, and con-
struction land (Figure 1b). The proportion of land cover types was 23.36% cropland, 23.97%
grassland, 17.97% forest, 10.31% shrubland, 23.61% desert, and 0.8% construction land in
China [22,30,31]. Grassland was mainly distributed in the eastern Inner Mongolia Plateau,
LP, western Qinghai-Tibet Plateau, and southern area south of the Yangtze River. Cropland
was mainly distributed in the northeastern plain, NCP, Sichuan Basin, and middle-lower



Water 2022, 14, 2133

4 0f22

Yangtze Plain. Forest was mainly distributed in the Greater Khingan Mountains, Changbai
Mountain, Yun—Gui Plateau, and southern middle-lower Yangtze Plain. Desert was mainly
distributed in northwestern China, and shrubland was mainly distributed in the western
Inner Mongolia Plateau, LP, and western Qinghai-Tibet Plateau [32,33].

Based on regional characteristics, the major crop-producing areas (croplands) were
divided into nine subregions (http://www.resdc.cn/data.aspx?DATAID=275, accessed
date: 21 October 2021). We named major crop-producing areas based on typical geomorphic
and geographical features of major crop-producing areas. Northeast China Plain, North
China Plain, Middle, and Lower Reaches of the Yangtze River, South China, Yun-Gui
Plateau, Sichuan Basin sub-region, Loess Plateau, arid, and semi-arid area of North China,
and Qinghai Tibet Plateau (Figure 1c). Table 1 showed the abbreviation of major crop-
producing areas. The NCP and LP were defined as typical crop-producing areas in this
study (Figures 1 and 2).

Table 1. Abbreviation of study area sub-regions.

Major Crop-Producing Areas Abbreviations
Northeast Plain NCP
Middle and Lower Reaches of the Yangtze River MLRYR
South China SC
Yun-Gui Plateau YGP
Sichuan Basin SCB
Loess Plateau LP
Arid and semi-arid area of North China ASANC
Qinghai Tibet Plateau QTP
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Figure 2. Spatial distribution of irrigation degree in China. The percentage of irrigation degree
showed the proportion of irrigation water to the total water demand of crops in the growth period.

2.2. Datasets

In this study, dynamic vegetation change was described with the Moderate Resolution
Imaging Spectroradiometer (MODIS) NDVI dataset from the National Aeronautics and
Space Administration (NASA) [34]. Original version data were acquired from NASA’s Earth
Observing System Data and Information System Reverb (http://reverb.echo.nasa.gov/,
accessed date: 21 October 2021) [35]. The temporal and spatial resolutions of this NDVI
dataset were 1 month and 0.05 x 0.05, respectively. The time-series of the NDVI was from
2001 to 2017. The format of the NDVI dataset was tag image file format (TIFF) [36].

The study areas are covered by 826 meteorological stations (Figure 1c). Meteorological
variables of the station included daily precipitation, temperature, wind speed, relative
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humidity, and atmospheric pressure. Meteorological data had a 1-day temporal reso-
lution [37]. These meteorological data were acquired from the National Meteorological
Information Centre (CMA Meteorological Data Centre) (http://data.cma.cn/en, accessed
date: 21 October 2021) [10,38]. The time series of meteorological data was from 2001 to
2017. Original meteorological data were covered by the format file of text file (TXT). We
employed bilinear interpolation to change the meteorological data resolution into the same
as that of the NDVI dataset [39].

We used the scPDSI dataset provided by the Climatic Research Unit, University of
East Anglia, UK. The scPDSI dataset has time series from 1901 to 2019. To keep the same
time series with other types of dataset for this study, we select and apply time series of
scPDSI from 2001 to 2017. The temporal and spatial resolution of the dataset are one
month and 0.5 * 0.5, respectively. We also use Inverse Distance Weighted method [40] to
change scPDSI spatial resolution into 0.05° x 0.05° for keeping the same resolution with
NDVI dataset. For more details about the scPDSI dataset, consult van der Schrieret al. [41]
(http:/ /climexp.knmi.nl/start.cgi, accessed date: 21 October 2021).

For future metrological data, this study used the fifth phase of the Coupled Model
Intercomparison Project (CMIP5) model data [10]. CMIP5 is from the Intergovernmental
Panel on Climate Change (IPCC) and has different representative concentration pathway
(RCP) scenarios. The RCP scenario showed different greenhouse gas emission concentra-
tions in the future. At present, the RCP4.5 and RCP8.5 scenarios are considered closer to
the actual greenhouse gas emissions than are the other RCP scenarios [10,42,43]. Therefore,
the RCP4.5 and RCP8.5 scenarios were used in this study. We also defined the base period
(2001-2017) and evaluation period (2020-2100) in this study. Twelve models were applied
to evaluate future drought change (Table 2).

Table 2. CMIP5 model used in this study.

Model Name Country Resolution (°) Reference
1 ACCESS1-3 Australia 1.25 x 1.875 Khan et al. [44]
2 BCC-CSM1-1-m China 2.8 x 2.8 Wu [42]
3 CanESM2 Canada 2.8 x 2.8 Faiz et al. [7]
4 CESM1-BGC USA 1.25 x 0.94 Li et al. [45]
5 FIO-ESM China 2.8 x2.8 Bao et al. [43]
6 GFDL-CM3 USA 25 x 2 Zadeh et al. [11]
7 GISS-E2-R USA 25 x2 Li et al. [46]
8 HadGEM2-AO Korea 1.87 x 1.25 Li et al. [45]
9 INM-CM4 Russia 20x 15 Nourani et al. [12]
10 IPSL-CM5A-MR France 1.27 x 2.5 Dufresne et al. [8]
11 MPI-ESM-MR Germany 1.87 x 1.86 He, et al. [47]
12 NorESM1-ME Norway 25 %19 Li et al. [46]

Irrigation data were obtained according to GMIA (Digital Global Map of Irrigated
Area) and came from the Food and Agriculture Organization (FAO) and International
Institute for Applied Systems Analysis (http://www.fao.org/soils--portal /data--hub /soil-
-maps--and--databases/harmonized--world--soil--database--v12 /en /#jfmulticontent_c284
128--3, accessed date: 21 October 2021). Irrigation data showed the global irrigation de-
gree in 2000 [14]. The matrix of global irrigation data had 2160 lines and 4320 columns.
The matrix of study area irrigation data had 567 lines and 740 columns. We employed
bilinear interpolation to change the irrigation data resolution into the same as that of the
NDVI dataset [39]. The irrigation degree was shown in Figures 2 and 3a. As shown in
Figures 2 and 3a, the NCP had the highest irrigation degree, while the MLRYR and LP had
higher irrigation degrees than did the other major crop-producing areas [26,31]. As shown
in Figure 3b, the NCP also had the highest cropland area, while the MLRYR and NEP had
higher cropland areas than did the other major crop-producing areas [32,33].
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Figure 3. Numerical distribution of irrigation degree (a) and percentage of cropland areas (b) in
different major crop-producing areas of China.

2.3. Methodology
2.3.1. Precipitation Bias Correction

Systematic biases of precipitation measurement could be caused by wetting, evap-
oration losses, and wind-induced under catch [48,49]. Precipitation bias correction was
decreasing systematic biases of the precipitation measuring instrument by formula [37,50].
Many studies showed precipitation bias correction could significantly improve the accu-
racy of precipitation measurements in China [37,50]. The method for estimating corrected
precipitation under standard precipitation gauge conditions in China can be found in the
studies by Yang et al. [50] and Ye et al. [49].

2.3.2. Meteorological Drought SPEI

Monthly scale precipitation and potential evapotranspiration are used to calculate
the SPEIL We used precipitation data of bias correction. The method of precipitation bias
correction is introduced in detail in Section 2.3.1 [37]. The Penman—Monteith equation
was employed to calculate the potential evapotranspiration [51,52]. Meteorological station
data of precipitation and potential evapotranspiration were interpolated by the bilinear
interpolation method [39] into grid cell data. The spatial resolution of the grid cell data was
consistent with that of the NDVI. The drought level of the SPEI is shown in Table 3.

Table 3. The classification of the SPEI values.

Drought Level Threshold
Extreme wet SPEI > 2
Severe wet 1.5<SPEI <2
Moderate wet 1<SPEI<1.5
Mild wet 0.5<SPEI<1
Near normal —0.5<SPEI<0.5
Mild drought —1 < SPEI <-0.5
Moderate drought —1.5<SPEI < —1
Extreme drought SPEI < —2

The calculation process of the SPEI was as follows:

D; = P, — PET; 1)
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where D; is the water deficit that can be calculated by the difference between precipitation
(mm) and potential evapotranspiration (mm). The different time series of D; were fitted by
a log-logistic probability density function to obtain the cumulative function:

o =B )

o o

2

1+<x;7>ﬁ]_ ¢)
()]

where «, B, and < are the scale, shape, and origin parameters for the D; values, respec-
tively; f(x) and F(x) are the probability density function and the probability distribution
function, respectively.

_ (Wo —2W1)B

= M+ /P -1/P) @
(2w — W)

P= (oW — Wo—owy) ©

¥ =Wy —aT(1+1/B)T(1—1/B) ©)

where I'(B) is the gamma function of B, and Wy, Wy, and W, are the probability weighted
moments of D; estimated using an unbiased estimation.

Z

1

Wo= 5 11— F)D; )
i=1
P=1-F(x) (8)
when
P <05 W=,/-2In(P) 9)
Co + YW + CoW?
=W -— 1
SPEI =W 1+diW +dy W2 + d3W3 (10)
when
P>05 W=./-2In(1—-P) (11)
Co + CiW + CoW?
_ _ 12
SPEI (W 14+ diW + dyW? + ds W3 (12)

where N is the chosen time scale (daily); P is the cumulative probability; Cy = 2.5155,
Cy =0.8029, C; = 0.0103, d1 = 1.4328, dp = 0.1893, and d3 = 0.0013.

2.3.3. Agricultural Drought scPDSI

Based on the principle of water balance, monthly scale precipitation, potential evap-
otranspiration, and soil moisture are used to calculate the PDSI [29,53]. Based on the
hydrothermal conditions of the study area, many empirical parameters are applied in the
process of calculating PDSI [14]. PDSI is processed a by self-correlation method based on
the original PDSI algorithm because scPDSI can enhance the comparative performance of
time and space of drought monitoring [54]. More details can be found in the studies by
Dai [53], van der Schrier et al. [41], and Zhang et al. [29].

2.3.4. Modified Drought Index

The calculation process of D; shows a main difference between the SPEII (standardized
precipitation evapotranspiration irrigation index) and the SPEIL The SPEI of D; considers
only P and PET [55] and does not include irrigation (I). However, irrigation is an important
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water factor in croplands [31]. Therefore, we considered irrigation in the SPEIL. The drought
level of the SPEII was defined the same as that of the SPEI (Table 3).
The calculation process of SPEII was as follows:

Di = Pi — ETZ + Ii (13)

ET; = PET; K. (14)

where I; is the irrigation, and ET; is the evapotranspiration. Crop coefficient (K.) data were
sufficient and reliable [56,57]. ET; could be expressed by Equation (14). We had K. data
for winter wheat and summer maize in typical crop-producing areas from Irrigation and
Drainage Engineering [57]. However, K. was deficient or insufficient in most areas except
in typical crop-producing areas over China. The study area of this study belongs to typical
crop-producing areas and has reliable K.. Therefore, we used ET; to estimated PET; in
this study.
. (Pi—ETl')~Id fOI" P; < ET;
li= { 0 for P; > ET; (15)

where I; is the irrigation degree. When the value of P, is less than ET;, the I; value is equal
to [;; when the value of P; is more than ET;, the I; value is equal to 0.

I; indicates that human activity provides some water (from the stream and ground-
water) to cropland based on the natural water deficit (P minus PET) from the stream and
groundwater. If the natural water deficit is less than 0, the irrigation degree can be ex-
pressed by the supplementary partial natural water deficit; otherwise, if the natural water
deficit is more than 0, the natural water deficit is sufficient, and it is not necessary to irrigate
cropland. Monthly irrigation was computed in this study. When there is less irrigation
or other types of land (such as grassland and forest), the water deficit is very close to the
difference between precipitation and potential evapotranspiration. The irrigation level
was considered as similar in different regions of China. Meanwhile, the grid cells were
considered as a unit in this study. Therefore, the irrigation degree was considered as an
irrigation water amount in cropland in a grid-cell unit [57]. Yet the actually irrigated area
was different from equipped for irrigation area because the advanced level of irrigation
equipment is not completely consistent in China of different regions. Then, the SPEII is
also close to the SPEI. We do not introduce the standardization process again because the
SPEII is the same as the SPEI in the subsequent standardization process. The irrigation
degree data were from the FAO. We tested the applicability of log-logistic fitting in the
SPEIL The result showed acceptable applicability of log-logistic fitting in the SPEIL. We
used the Savitzky-Golay method to smooth the SPEII data [3]. The trend line of the SPEI1
can show the change characteristics of drought. The Savitzky-Golay method was also used
to smooth drought [3] and runoff [58] data.

2.3.5. Vegetation Response Degree and Time to Drought

The vegetation response to drought was quantitated by the Pearson correlation co-
efficient (p < 0.05) between the NDVI and drought index [59,60]. We calculated different
time-scales of the SPEI and SPEII [24]. Different time-scaled SPEIIs and SPEIs were labeled
SPEIIn and SPEIn, where n represents the time scale. The correlation coefficient of different
time-scales (1 to 12 months) was also calculated between the drought indexes and NDVI.
The response degree of vegetation to drought was defined as the time scale (1 to 12 months)
of the correlation coefficient of the maximum absolute value. The response time of vegeta-
tion to drought was defined as the time scale of the correlation coefficient of the maximum
absolute value between 1 and 12 on the monthly time scale [15,61]. The response degree
of summer maize and winter wheat to drought was shown by the correlation coefficient
in the crop growth period over typical crop-producing areas. The crop growth period of
summer maize and winter wheat was defined as being from late June to early September
and from late September to early June of the following year, respectively [62,63].
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3. Results
3.1. Comparing the Applicability between Traditional Drought Indexes and SPEII

From Figure 4a,b, we found that vegetation showed a similar response degree to
the SPEII (Figure 4a) and the SPEI (Figure 4b). Northern China (NEP, NCP, LP and
ASANC) showed a generally negative response to drought, while southern China (MLRYR,
YGP, SC, QTP and SCB) showed a generally positive response to drought. Comparing
Figures 2 and 4c, we found that positive correlation coefficient difference values showed
close spatial distribution to the irrigation degree. Positive correlation coefficient difference
values were distributed mainly in eastern China’s Dzungarian Basin and the Tarim Basin.
Meanwhile, Figure 4c showed that the SPEIl mainly had higher correlation coefficient areas
than SPEI in eastern China. However, SPEI mainly had higher correlation coefficient than
SPEII in western China. Meanwhile, the correlation coefficient difference had 37.1%, 10.5%
and 52.3% areas more than 0, less than 0, and equal to 0, respectively. Only 0.35% of the
correlation coefficient difference areas were less than —0.01. By comparing Figures 3 and 4c,
we found that SPEII had higher correlation coefficient than SPEI in irrigation area of China.
However, SPEII had lower correlation coefficient than SPEI in non-irrigation area of China.

Additionally, the size of the positive correlation coefficient difference values in typical
crop-producing areas was closely spatially distributed to the irrigation level. We can
speculate that the size of the positive correlation coefficient difference values might be
related to the level of irrigation. Therefore, Figure 5 could help to analyze the relationship
between the size of the positive correlation coefficient difference values and the level of
irrigation degree. We did not consider the SC and QTP major crop-producing areas in
Figure 5 because of the lower irrigation and smaller cropland areas in SC and QTP. We
compared the difference between SPEII1 and scPDSI because scPDSI just had 1 month time
scale in calculation [14].

In general, the size of the difference values of the correlation coefficient between SPEII
and SPEI obviously had increased with increasing irrigation degree in China, NEP, NCP, ML-
RYR, LP, and ASANC (Figure 5). The difference values of the correlation coefficient between
SPEII and SPEI showed similar level in different irrigation degree in YGP (range ~ —0.01-0)
and SCB (range ~ 0-0.04). Meanwhile, in general, the difference of the correlation coeffi-
cient between SPEII and SPEl is positive values. The correlation coefficient difference values
between SPEII1 and scPDSI showed similar level in different irrigation degree. However,
the correlation coefficient difference values between SPEII1 and scPDSI showed different
level in different major crop-producing areas. Accordingly, the correlation coefficient differ-
ence values between SPEII1 and scPDSI reached a higher level in YGP (range =~ 0.20-0.65)
and SCB (range ~ 0.40-0.70). The correlation coefficient difference values between SPEII1
and scPDSI had lower level in China (range ~ 0-0.30), NEP (range ~ —0.10-0.20), NCP
(range ~ 0-0.25), MLRYR (range ~ —0.10-0.15), and LP (range ~ 0-0.30). However, the
correlation coefficient difference between SPEII1 and scPDSI, generally, had negative values
in ASANC (range ~ —0.40-0). Based on Figures 4 and 5, we found that the SPEII showed a
higher correlation with the NDVI than did the SPEI in irrigated cropland. The SPEII showed
more significant advantages than the SPEI in monitoring drought in cropland vegetation
fields with high irrigation levels. SPEII had higher correlation with the NDVI than did the
scPDSI in irrigated cropland (except ASANC). Therefore, in general, SPEII also had more
excellent performance than scPDSI in monitoring drought in cropland vegetation fields.
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Figure 4. Vegetation response degree to the SPEII (a) and SPEI (b). The difference value between the
vegetation response degree to the SPEII and SPEI (a minus b) (c). Vegetation response time to the
SPEII (d) and SPEI (e). The difference value between the vegetation response times to the SPEII and
SPEI (d minus e) (f).
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Figure 5. The difference response of vegetation to SPEII and SPEI (scPDSI) under different irrigation
degree in China (a), NEP (b), NCP (c), MLRYR (d), YGP (e), SCB (f), LP (g) and ASANC (h).The
irrigation levels of L1, L2, L3, L4 and L5 represented irrigation levels of 0-20%, 20—40%, 40—-60%,
60-80% and 80-99%, respectively.

From Figure 4d,e, we found that vegetation showed similar response times to the
SPEII (Figure 4a) and SPEI (Figure 4b). The response time of vegetation to the drought
main range was 5 to 8 months in northeastern China, the Inner Mongolia Plateau, and
the middle-lower Yangtze Plain. The response time in the main range was 1 to 4 months
in southwestern and northwestern China. The response time range was 6 to 7 and 2 to
3 months in the northern and southern NCP, respectively. From Figures 2 and 4f, we found
that the vegetation response time to the SPEIl was more than 1 month different than that
of the SPEI in large-area irrigation croplands. Therefore, the SPEII also showed a longer
response time of vegetation than the SPEI in irrigated cropland. We summed the area with
a difference in response time greater than 0 at different irrigation levels (L1, L2, L3, L4, and
L5). The proportion of this area to the total irrigation area at different levels was 2.70%,
8.35%, 17.2%, 39.9%, and 60.6%, respectively. Based on statistical analysis, we found that
the proportion of the area with a response time difference greater than 0 increased with
the improvement in irrigation level. Therefore, the SPEII showed a significantly longer
vegetation response time than the SPEI in cropland with a high irrigation level.

Different time scales of correlation coefficient difference values were summed in
croplands with different irrigation levels (Figure 6). From Figure 6, we found that the
time scales of 5, 6, and 7 months had higher correlation coefficient difference values than
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did the other time scales at different irrigation levels. Therefore, SPEII5, SPEII6, and
SPEII7 showed greater performance than SPEI5, SPEI6, and SPEI7 in monitoring vegetation
drought. Meanwhile, the correlation coefficient differences at the different irrigation levels
mainly ranged from 0 to 0.01 (Figure 6a), 0 to 0.03 (Figure 6b), 0 to 0.10 (Figure 6c¢), 0 to 0.20
(Figure 6d), and -0.05 to 0.40 (Figure 6e). Therefore, the high irrigation level of the SPEII
showed a more significant advantage than that of the SPEI at different time scales.
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Figure 6. The difference of the response relationship between vegetation to SPEII and SPEI at
different time scales at the 0-20% (a), 20-40% (b), 40-60% (c), 60-80% (d), and 80-99% (e), as well as
irrigation levels.

3.2. Assessing the Applicability of the SPEII in Typical Crop-Producing Areas

Considering the crop coefficient of winter wheat and summer maize [56], we acquired
the actual evapotranspiration of crops in the NCP and LP. We could correctly assess
the performance of the SPEII and SPEI by the actual evapotranspiration of crops. From
Figure 7, we found that the correlation coefficient difference of both winter wheat and
summer maize showed positive values and closed spatial distribution characteristics with
irrigation (Figure 2). Therefore, the SPEII had a better performance than the SPEI in the
growth periods of winter wheat and summer maize.
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Figure 7. The correlation coefficient difference values of winter wheat (a) and summer maize
(b) response degree to drought (between the SPEII and SPEI).

From Figure 8a, winter wheat had main ranges from 0.01 to 0.05 and 0 to 0.02 in the
NCP and LP, respectively. Summer maize had main ranges from 0.01 to 0.05 and 0.01 to 0.04
in the NCP and LP, respectively. Therefore, the NCP showed a higher correlation coefficient
difference than the LP in the growth period. However, both winter wheat and summer
maize had similar correlation coefficient differences in typical crop-producing areas. From
Figure 8b, the correlation coefficient difference of the winter wheat main range was from
0.01 to 0.03, 0.02 to 0.06, 0.05 to 0.11 and 0.14 to 0.21 in L2, L3, L4, and L5, respectively.
Meanwhile, the correlation coefficient difference of the summer maize main range was from
0.01 to 0.03, 0.03 to 0.06, 0.05 to 0.09 and 0.1 to 0.14 in L2, L3, L4, and L5, respectively. The
difference in the correlation coefficient of both winter wheat and summer maize increased
with increasing irrigation level. Therefore, the SPEIIl showed greater performance than the
SPEI in monitoring drought in winter wheat and summer maize. However, winter wheat
showed a higher correlation coefficient difference than summer maize. The SPEII might
have greater performance in monitoring winter wheat than summer maize in the NCP
and LP.
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Figure 8. The correlation coefficient difference values of winter wheat and summer maize in different
major crop-producing areas (a) at different irrigation levels (b). The irrigation levels of L1, L2, L3, L4
and L5 represented irrigation levels of 0—20%, 20-40%, 40-60%, 60-80%, and 80-99%, respectively.
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3.3. Drought Change under Different Scenarios in the Future

Considering the CMIP5 model of the RCP4.5 and RCP8.5 scenarios, we evaluated
drought changes in winter wheat and summer maize in the growth period in the future.
From Figure 9a,b, we found that drought did not show a significant change between the base
period and the future. Under the RCP4.5 scenario, the winter wheat growth-period SPEIL
values showed slightly higher levels in 2020-2039 and 2060-2079 (Figure 9a). The winter
wheat growth-period drought showed a decreasing trend in 2030-2045 and 2070-2080 and
an increasing trend in 20502060 and 2080-2100 (Figure 9c). Under the RCP8.5 scenario,
the winter wheat SPEII value was slightly lower in 2040-2059, 2060-2079 and 2080-2100
(Figure 9a). The winter wheat under growth-period drought showed a decreasing trend
in 20202080 and 2090-2099 and an increasing trend in 20802090 (Figure 9¢c). Under the
RCP4.5 scenario, the summer maize of the growth period showed similar SPEII values in
the base period and future periods (Figure 9b). The summer maize of the growth-period
drought showed a decreased trend in 2050-2065, 20752080 and 2090-2100 and an increased
trend in 2030-2050, 2065-2075 and 2080-2090 (Figure 9d). Under the RCP8.5 scenario, the
summer maize of the growth-period SPEII value was slightly lower in 2040-2059 and
2060-2079 (Figure 9b). However, the drought trend was steady between 2020 and 2100 in
summer maize during the growth period (Figure 9d).
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Figure 9. Drought change in winter wheat (a) and summer maize (b) in the growth period of different
periods under the RCP4.5 and RCP8.5 scenarios in typical crop-producing areas. Drought change
trend of winter wheat (c) and summer maize (d) in the growth period under the RCP4.5 and RCP8.5
scenarios in typical crop-producing areas.

From Figure 10, under the RCP4.5 and RCP8.5 scenarios, moderate and severe drought
had a higher frequency than extreme drought in the NCP. However, drought frequency
from high to low was severe, moderate, and extreme in the LP, respectively. Under the
RCP4.5 scenario, the frequencies of moderate, severe and extreme drought were distributed
mainly from 0.12 to 0.17, 0.1 to 0.16 and 0.1 to 0.13 in the NCP, respectively. However,
extreme drought showed a higher frequency in 2060-2079 over the NCP (Figure 10a).
Under the RCP8.5 scenario, the frequencies of moderate, severe, and extreme drought were
distributed mainly from 0.11 to 0.17, 0.1 to 0.16 and 0.09 to 0.13 in the NCP, respectively
(Figure 10c). Under the RCP4.5 scenario, the frequencies of moderate, severe, and extreme
drought were distributed mainly from 0.13 to 0.16, 0.16 to 0.21 and 0.1 to 0.13 in the LP,
respectively (Figure 10b). However, moderate drought had higher and lower frequencies
in the base period and in 2040-2059 over the LP, respectively. Severe drought had a lower
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frequency in the base period over the LP. Extreme drought had a higher and lower frequency
in 2060-2079 and in the base period over the LP, respectively. Under the RCP8.5 scenario,
the frequencies of moderate, severe, and extreme drought were distributed mainly from 0.1
to 0.16, 0.15 to 0.21 and 0.09 to 0.13 in the LP, respectively (Figure 10d). However, moderate
drought had a higher frequency in the base period and in 2080-2100 over the LP. Severe
drought showed higher and lower frequencies in 2020-2039 and in 2060-2079 over the
LP, respectively. Extreme drought showed a lower frequency in the base period and in
2080-2100 over the LP.
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Figure 10. Frequency variation in different drought levels in the NCP (a) and LP (b) under the

RCP4.5 scenario. Frequency variation in different drought levels in the NCP (c) and LP (d) under the
RCP8.5 scenario.

Examining Section 3.1, we found that the SPEII6 showed greater performance than
the other time-scale SPEIlIs in monitoring the vegetation response to drought (Figure 6).
Therefore, based on the CMIP5 model, we used the SPEII6 to evaluate future drought in
the NCP and LP. From Figure 11, we found that a higher frequency of moderate drought
was distributed mainly in the southeastern NCP and in the Guanzhong Plain of the LP. A
higher frequency of severe drought was distributed mainly in the northern NCP as well as
in the northern and southern LP. However, the NCP and LP showed a lower frequency of
extreme drought.

B o.00-0.05 I 00s-010 [ Joa0-015 [ 0a5-0.20 [ 0.20-0.25 [ 0.25-0.30

Figure 11. Spatial distributions of the frequency of the SPEII6 moderate drought (a), severe drought
(b), and extreme drought (c) in the base period (2001-2017).
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From Figure 12a—d, relative to the base period, the frequency of moderate drought
showed a decreasing trend in the southern NCP and central LP under the RCP4.5 scenario.
From Figure 12e-h, relative to the base period, the frequency of moderate drought showed a
decreasing trend in the northern NCP and southern LP. The frequency of moderate drought
showed an increasing trend in the northern NCP and central LP. Moreover, the frequency
of moderate drought in the central LP showed a significant increase in 2040-2059. From
Figure 12i-], relative to the base period, the frequency of extreme drought showed a slight
increase in larger areas of the NCP and LP; moreover, the frequency of extreme drought
in the southeastern NCP showed a significant increase in 2060-2079. From Figure 13a—d,
relative to the base period, the frequency of moderate drought showed a decreasing trend
in the southern and central NCP and the central LP. From Figure 13e-h, relative to the base
period, the frequency of moderate drought showed a decreasing trend in the northern and
central NCP and the southern LP. The frequency of moderate drought showed a decreasing
trend in the central NCP and southern LP. The frequency of moderate drought showed an
increasing trend in the southeastern NCP and northern and central LP; moreover, moderate
drought frequency in the central and northern LP had significant increases in 2020-2039.
From Figure 12i,g-1, relative to the base period, the frequency of extreme drought showed
a slight increase in larger areas of the NCP and LP.

ey =

[ T<-015 | |-0as--o.10f il -0.10--0.05 -0.05-0.00 I 0.00-0.05 M 0.05-0.10 0.10-015 [ |>0.15

Figure 12. Spatial distributions of the frequency difference of the SPEII6 moderate drought in
2020-2039 (a), 2040-2059 (b), 2060-2079 (c) and 2080-2100 (d) under the RCP4.5 scenario; the fre-
quency difference of the SPEII6 severe drought in 2020-2039 (e), 20402059 (f), 2060-2079 (g), and
2080-2100 (h); the frequency difference of the SPEII6 extreme drought in 2020-2039 (i), 20402059 (j),
2060-2079 (k), and 2080-2100 (1).
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Figure 13. Spatial distributions of the frequency difference of the SPEII6 moderate drought in
2020-2039 (a), 2040-2059 (b), 2060-2079 (c), and 2080-2100 (d) under the RCP8.5 scenario; fre-
quency difference of the SPEII6 severe drought in 2020-2039 (e), 2040-2059 (f), 2060-2079 (g), and
2080-2100 (h); frequency difference of the SPEII6 extreme drought in 2020-2039 (i), 20402059 (j),
2060-2079 (k), and 2080-2100 (1).

4. Discussion
4.1. Advantages and Disadvantages of Improving the Drought Index

Examining Sections 3.1 and 3.2, we compared the performance between the SPEII
and SPEI in monitoring vegetation drought. The results showed that the SPEII generally
had a greater performance than the SPEI in monitoring vegetation drought in cropland
with a high irrigation level. Many studies have found that vegetation growth is impacted
mainly by the natural climate [15] and human activity [9,64]. However, the SPEI considers
the precipitation and evapotranspiration of natural meteorological factors and ignores
the irrigation factors of human activity [14,55]. In this study, the SPEII considered the
irrigation factor of human activity to improve the ability to monitor cropland drought [65].
From Figure 2, the NCP, MLRYR, LP, and ASANC showed higher irrigation degrees [26,31].
However, the SPEII did not show significant advantages in the ASANC and MLRYR
(Figures 4 and 5). The SPEII also showed significant advantages in the NEP and SCB with
general irrigation levels. The water use efficiency of irrigation also impacted cropland
drought and the SPEII performance [31]. Water use efficiency is defined as the degree
of effective irrigation water use by crops [25,31]. The water use efficiency of irrigation is
mainly impacted by irrigation strategies and soil properties [25]. Poor irrigation strategies
and loose soil properties could lead to evapotranspiration and deep percolation of irrigation
water with low water use efficiency in croplands [25]. The study by Li et al. [31] found
that the MLRYR and ASANC had lower irrigation water use efficiency. The NEP and
NCP had higher irrigation water use efficiency [31]. Although the MLRYR and ASANC
had higher irrigation levels, crops poorly effectively used irrigation water in the MLRYR
and ASANC [27]. Therefore, the poorer performance of the SPEII could be impacted by
the lower water use efficiency of irrigation in the MLRYR and ASANC [31]. Moreover,
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the water use efficiency of irrigation could be improved by rational planning of irrigation
strategies and changing soil structure characteristics [25,31]. Based on the same principle,
the NEP also had a higher irrigation water use efficiency, which could lead to greater
performance [26]. The SPEII also showed that crop vegetation had a longer response time
to drought in the NCP and LP. Irrigation could slow the time of crop vegetation response
to meteorological drought [3,23]. Therefore, the SPEIl showed a more accurate response
time to drought in croplands with high irrigation levels. The SPEII also had an extensive
application foundation advantage because we considered two cases of evapotranspiration
calculations of sufficient and insufficient crop coefficient data [56].

However, the SPEII also has some disadvantages in application. The accuracy of
evapotranspiration [51] and irrigation [62] might impact the SPEII performance in monitor-
ing vegetation drought. We estimated cropland irrigation by water deficit and irrigation
degree. Actual irrigation might not be equal to theoretical irrigation [62]. Actual evap-
otranspiration of crops can also be replaced by potential evapotranspiration when crop
coefficient data are insufficient [51]. Crop coefficients and actual irrigation data are hard
to obtain in studies [31,56]. Therefore, we have to increase the extensive application of
the SPEII at the expense of accuracy. Moreover, we found that the SPEII showed poorer
performance than the SPEI in monitoring the drought of cropland vegetation on the YGP
(Figure 5e). From Figures 1c and 2, we found that cropland in irrigation areas showed
spatially discrete distribution characteristics. Zhou et al. [66] and Ding et al. [22] also found
that cropland vegetation was impacted by the ecological environment because a healthy
ecological environment structure had strong resistance to drought change. Therefore, the
SPEII showed the same performance of monitoring drought as the SPEI in cropland that
was spatially discrete and had a healthy ecological environment structure.

4.2. Irrigation Strategies to Address Future Drought

Based on previous studies, the NCP lacks agricultural water resources and maintains a
high irrigation level [22,26,61,67]. Therefore, irrigation might implement a spatiotemporal
irrigation strategy to respond to climate change in the future when the NCP is unable to
significantly improve the irrigation level [31,63]. Examining Section 3.3, we found that the
winter wheat growth period showed a trend of increasing drought degree in 2020-2080
under the RCP8.5 scenario (Figure 9). However, the summer maize of the growth period
showed a steady trend of drought change in 2020-2100 (Figure 9). Therefore, we could
adjust the irrigation guarantee level between the winter wheat and summer maize growth
periods in the future [67]. Given the possibility of drought change in the future, the strategic
scheduling of water resources should be implemented to ensure the global optimum of
water resource allocation in typical crop-producing areas [28,68]. Examining Section 3.3,
we also found that moderate drought had a decreased frequency in the central NCP
and extreme drought had an increased frequency in the southeastern NCP in the future
(Figure 12). The severe drought frequency showed an increase in 2020-2039 over the central
LP (Figure 13). Therefore, we might consider scheduling water resources from the central
to the southeastern NCP in 2060-2079. Moreover, we might consider scheduling water
resources from the central NCP to the central LP in 2020-2039.

5. Conclusions

In this study, we investigated the performance of the SPEII in monitoring cropland
vegetation drought and evaluating regional drought changes in the future. Correlation
analysis, comparison analysis, and grid-cell mapping, in addition to CMIP5 models, were
applied to evaluate drought change-based SEPIIL. The results can provide reference for
agricultural drought early warning and monitoring in the future. The main conclusions
were as follows:

(1) In general, the SPEII had better performance than SPEI and scPDSI in monitoring
cropland vegetation drought because traditional drought indexes consider irrigation
caused by human activity in China. The SPEIIl showed more significant performance
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in cropland with a higher irrigation level than in cropland with a lower irrigation level
in China, in general. The SPEII5, SPEII6, and SPEII7 had more significant performance
than did the other time scales of the SPEIL

(2) The SPEII in typical crop-producing areas (NCP and LP) also had excellent per-
formance compared with the SPEI on both different time scales and crop (winter
wheat and summer maize) growth periods. The SPEII on the NCP showed better
performance than that on the LP in both the winter wheat and the summer maize
growth periods. The winter wheat growth period of the SPEII had better perfor-
mance than that of the summer maize in areas with higher irrigation levels in typical
crop-producing areas.

(3) In general, future drought showed a similar drought degree with the base period
(2001-2007) in typical crop-producing areas. The drought degree of winter wheat
and summer maize growth periods showed increasing and steady trends in 2020-
2080 under the RCP4.5 scenario in the future, respectively. In the future, extreme
drought frequency in the southeastern NCP will increase between 2060 and 2079;
severe drought frequency in the central LP will increase between 2020 and 2059. The
moderate drought frequency in the central NCP will decrease in the future.
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