remote sensing

Article

Complementarity Characteristics of Actual and Potential
Evapotranspiration and Spatiotemporal Changes

in Evapotranspiration Drought Index over Ningxia

in the Upper Reaches of the Yellow River in China

Huihui Liu 12, Dongdong Song 3*(7, Jinling Kong !, Zengguang Mu %, Xixuan Wang !, Yizhu Jiang 5

and Jingya Zhang !

check for
updates

Citation: Liu, H.; Song, D.; Kong, J.;
Mu, Z.; Wang, X,; Jiang, Y.; Zhang, J.
Complementarity Characteristics of
Actual and Potential
Evapotranspiration and
Spatiotemporal Changes in
Evapotranspiration Drought Index
over Ningxia in the Upper Reaches of
the Yellow River in China. Remote
Sens. 2022, 14,5953. https://
doi.org/10.3390/rs14235953

Academic Editor: Guido D’Urso

Received: 21 October 2022
Accepted: 20 November 2022
Published: 24 November 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/).

College of Geological Engineering and Geomatics, Chang’an University, Xi’an 710054, China

Institute of Natural Resources Survey of Ningxia, Yinchuan 750002, China

School of Public Administration, China University of Geosciences (Wuhan), Key Laboratory of Rule of Law
Research, Ministry of Natural Resources, Wuhan 430074, China

Natural Resources Information Center of Ningxia, Yinchuan 750002, China

College of Earth Sciences and Resources, Chang’an University, Xi’an 710054, China

*  Correspondence: songdd@cug.edu.cn

Abstract: Based on energy balance theory, using Theil-Sen median trend analysis and the Mann-
Kendall test, this research studied the applicability of the complementary theory of evapotranspiration
(ET) over Ningxia in the Upper Reaches of the Yellow River with MOD16 ET product and the
measured data of meteorological stations, based on which ET drought index (EDI) was proposed
for the first time. Moreover, the usability of EDI was also verified and its influencing factors were
analyzed. The results revealed that there was a complementary relationship between AET and PET in
91.1% of the area in Ningxia, including strictly complementary and asymmetrically complementary
relationships in 69.2% and 21.9% of the total area, respectively. EDI ranged from 0 to 1 and was useful
to accurately reflect the degree of drought of the study area on the annual and monthly scales. From
2001 to 2020, the average annual EDI was 0.66, and the smallest monthly EDI was in January and the
largest was in May. EDI of different time scales had different influencing factors. Precipitation was the
most influencing factor of annual EDI, but the influencing factors of monthly EDI was different over
time. However, surface non-precipitation water replenishment, such as irrigation, had great impact
both on annual EDI and monthly EDI. The application scope of the theory of ET complementarity
was extended to the study area for the first time, and EDI was proposed and applied, which will
provide a theoretical basis and empirical reference for drought research based on ET data in arid and
semi-arid areas.

Keywords: complementary relationship of evapotranspiration; evapotranspiration drought index
(EDI); Ningxia

1. Introduction

Surface evapotranspiration (ET) is an important part of the water cycle and one of the
most important processes in matter and energy exchange between the land surface and
the atmosphere [1]. ET is also a central link in the climate system, which is the foundation
of the studies of crop water demand estimation, irrigation water use efficiency, ecological
process analysis, and regional drought assessment [2].

Studies on the relationship between actual ET (AET) and potential ET (PET) play a
very important role in analyzing the interaction between climate and hydrology [3]. AET is
the actual water consumed by evaporation and transpiration on the unsaturated surface,
which is often assumed to be a function of evaporation capacity and surface water content.
PET is the maximum evaporation capacity of the underlying surface under the condition
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of full water supply. However, different theories provide different explanations for the
relationship between AET and PET. Penman [4] showed via the proportional hypothesis
theory that AET was proportional to PET, and the rate depended on the availability of
water under insufficient water supply. Based on the theory of energy balance, Bouchet [5]
proposed via complementary correlation theory that if the total energy was kept constant,
PET would decrease when soil moisture decreased, and the residual energy originally used
for AET would be used to increase PET, and the rate of AET increase (or decrease) was
equal to that of PET. Formally, the proportional hypothesis theory and the complementary
correlation theory are completely contrary, so the relationship between AET and PET in a
particular region can only conform to one of the theories. Cohen et al. [6] found that the
complementarity theory of ET was most applicable to arid regions, and the proportional
hypothesis theory was mostly suitable for applications in humid regions, which still needed
to be tested in wider regions.

Northwest China is a part of the arid region in central Asia and one of the most sensitive
regions to global climate change [7]. In recent years, a large number of studies have been
conducted on ET in the arid and semi-arid regions of northwest China [8-12]. Some scholars
reported a strong correlation between the variation in ET and that in precipitation and
vegetation type in northwest arid areas over the past 15 years. Others showed that annual ET
was high in the north and low in the south of the Yellow River source region from 1979 to 2014.
Some scholars reported that PET showed an upward trend, and the maximum temperature
was the most important meteorological factor affecting ET in the Gansu section of the Yellow
River Basin. The abovementioned studies focused only on the trend of variation in ET and
the effect of meteorological factors on ET in arid areas, without considering the relationship
between AET and PET and their effect on ET. Thus, the degree of regional drought and its
changing trend could not be directly revealed by ET.

The use of remote sensing (RS) technology to study ET not only reflects the spatial
heterogeneity of ET but also meets the needs of global and regional ET research. The global
MODIS ET dataset was developed by the Numerical Terradynamic Simulation Group
at the University of Montana, USA. This dataset is widely used to study ET with high
spatiotemporal resolution. Kim et al. [13] verified the MODIS ET product using vorticity
covariance data from 17 stations of the Asian flux network. Liu et al. [14] verified the
good applicability of the MODIS ET product in Asia, specifically China, by examining the
hydrological and meteorological data. He et al. [15] verified the availability of the MODIS
ET product using data obtained from the China Terrestrial Ecosystem Flux Observation and
Research Network and using hydrological data, and showed that the MODIS ET product
exhibits high simulation accuracy in the Yellow River Basin.

Global Precipitation Measurement (GPM) is a new generation global satellite precipi-
tation measurement program. Dong et al. [16] showed that there was a high consistency
between GPM IIMEGR and the rainfall measured data of 76 meteorological stations in
the Yellow River Basin. Meng C et al. [17] systematically evaluated the accuracy of GPM
IMERG in the source area of the Yellow River, and the results showed that GPM IMERG
could well reflect the spatial distribution of precipitation. Using the four evaluation in-
dicators and the extreme precipitation index and error analysis method, based on the
precipitation data of the Yellow River Basin rain gauge network, Li Yuanyuan et al. [18]
found that there were differences in different regions of the Yellow River Basin, but the
overall applicability and accuracy of GPM IIMEGR were high. Therefore, GPM IMERG is
used as precipitation observations in this study. Based on MODIS products, GPM IMEGR
and the regional meteorological station data collected from 2001 to 2020 in Ningxia, this
study is aimed at:

(1). revealing the complementary relationship between AET and PET;

(2). analyzing the internal relation between drought and ET by putting forward the
physical significance and model of ET drought index (EDI), quantifying the degree of
drought by using EDI and verifying the validity of EDL;

(3). analyzing the variation trends of annual and monthly EDI and the influencing factors.
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2. Materials and Methods
2.1. Study Area

Located in the upper reaches of the Yellow River, the Ningxia Hui Autonomous Region
(Ningxia) is the only province in China that completely belongs to the Yellow River Basin.
The Yellow River flows into Zhongwei and out of Shizuishan, and spans a total length of 397
km in Ningxia [19]. Ningxia covers a total area of 66,400 km?. The terrain from the north to
south of Ningxia is long and narrow, with 456 km between north and south and 250 km
between east and west. Ningxia has an average altitude of 1090-2000 m. The elevation
gradually decreases from south to north and is divided into the Liupan Mountain, Loess
Plateau, Ordos Plateau, Ningxia plain and Helan Mountain. Ningxia is the most sunshine-
abundant and severe drought-affected area in China [20]. The mean annual temperature
is 8 °C and the annual sunshine period is 3000 h. The average annual precipitation is
289 mm, which mostly occurs from July to September, and the average annual PET is
1585 mm, which is the most sunshine-abundant regions in China. Moreover, Ningxia is one
of the most severe drought-affected areas in China [20]. This obvious difference between
annual precipitation and annual PET is mainly caused the fact that Ningxia is located in
the arid and semi-arid areas. Additionally, the distribution of water resources in Ningxia
is extremely unbalanced. Most of the water resources serve the Yellow River irrigation
area in north Ningxia, which is one of the 12 commercial grain bases in China with an area
of approximately 8600 km? [21] (Figure 1). The central arid area of Ningxia has the most
limited water resources and surface water. However, water resources are relatively more
abundant in the semi-arid and semi-humid mountainous regions of Ningxia in the south.
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Figure 1. Geographical location and terrain of Ningxia.

2.2. Materials
2.2.1. MODIS ET Product

The MODIS ET project is a part of the NASA /EOS project aimed to estimate global
terrestrial ET from the earth land surface using satellite RS data. MOD16A2 and MOD16A3
were the main data resources used in this study, and were downloaded from the NASA
Goddard Earth Sciences Data and Information Services Center website (https://modis.gsfc.
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nasa.gov/data/dataprod/mod16.php (accessed on 1 May 2022)). MOD16A2—as Version
6.1 of the ET product—is an 8-day synthetic dataset with a spatial resolution of 500 m and
is mainly used for the synthesis of the monthly AET and PET dataset. MOD16A3, a Version
6.1 edition, is the annual AET and PET synthesis dataset with a spatial resolution of 500 m.
The MODIS reprojection tool (MRT) was used to perform the batch processing of data
format conversion and projection transformation; the Python program code was used for
data synthesis; and the ArcGIS software was used for clipping. After data processing, the
monthly and annual PET and AET data within the study area were obtained.

2.2.2. MODIS Vegetation Index Product

NDVI is one of the important parameters to reflect crop growth and nutrition in-
formation. In this study, the NDVI dataset was obtained from MOD13A3, which had a
temporal resolution of 1 month and a spatial resolution of 1000 m. The data were obtained
from the NASA Goddard Earth Sciences Data and Information Services Center website
(https:/ /modis.gsfc.nasa.gov/data/dataprod /mod13.php (accessed on 1 May 2022)). MRT
was used for data format conversion and projection transformation, the Python program
code was used for annual data synthesis, and ArcGIS software was used for cutting and
resampling the spatial resolution to 500 m. With data processing, the monthly and annual
NDVI data within the study area were obtained.

2.2.3. MODIS Land Surface Temperature Product

As the input data for calculating the temperature and vegetation drought index, land
surface temperature and NDVI had a direct impact on soil moisture and ET. In this study,
daytime and nighttime surface temperatures were obtained from MOD11A2, with a temporal
resolution of 8 days and a spatial resolution of 1000 m, and were downloaded from the NASA
Goddard Earth Sciences Data and Information Services Center website (https://modis.gsfc.
nasa.gov/data/dataprod/mod11.php (accessed on 1 May 2022)). MRT was used for data
format conversion and projection transformation; the Python program code was used for data
synthesis; and the ArcGIS software was used for cutting. With data processing, the monthly
surface temperatures within the study area were obtained (Table 1).

Table 1. MODIS products used in this study.

. . . Spatial Temporal
RS Data Data Type Satellite Orbit Time Span Resolution Resolution Data Sources
MOD16A2 monthly ET h26v05 January 2001-December 2020 500 m 8 days NASA
MOD16A3 annual ET h26v05 January 2001-December 2020 500 m 1 year NASA
MOD13A3 monthly NDVI h26v05 January 2001-December 2020 1000 m 1 month NASA
MODI11A2 monthly surface h26v05 January 2001-December 2020 1000 m 8 days NASA

temperatures

2.2.4. Integrated Multi-satellite Retrievals for Global Precipitation Measurement (GPM)

Integrated Multi-satellite Retrievals for GPM (IMERG) is a level-3 product and the
latest generation of multi-satellite fusion inversion precipitation data for the Global Pre-
cipitation Program. IMERG provides three types of satellite data for precipitation: Early,
Late and Final versions. The Final version of IMERG, with a spatial resolution of 0.1°,
was adopted in this study, which introduced more sensor data sources on the basis of the
Late version, including global precipitation stations for correction. The data were obtained
from the EARTHSATA website (https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGDEF_06
/summary?keywords=IMERG (accessed on 1 May 2022)) (Table 2). Using MATLAB, Python
program code and ArcGIS software, the data format conversion, projection transformation,
rotation registration, cutting, data synthesis and resampling were performed. After data
processing, the monthly and annual precipitation data in the study area were obtained at a
spatial resolution of 500 m.
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Table 2. IMERG used in this study.
. Spatial Temporal
RS Data Data Type Time Span Resolution Resolution RS Data Source
IMERG monthly precipitation ~ January 2001-December 2020 0.1° 1 month NASA

2.2.5. ASTER Global Digital Elevation Model

The terrain data were obtained by the ASTER Global Digital Elevation Model (ASTER
GDEM), which is the global digital elevation data product jointly released by NASA and
Japan’s Ministry of Economy. ASTER GDEM, a new generation of Earth observation
satellites of NASA, was produced on the basis of TERRA observations, with a horizontal
accuracy of 30 m and elevation accuracy of 20 m, and the data were downloaded from the
EARTHDATA website (https:/ /search.earthdata.nasa.gov/search?q=ASTER&ok=ASTER
(accessed on 1 May 2022)). The data format conversion, coordinate conversion, cutting
and resampling were performed by the ArcGIS software. The altitude of different areas in
the study area varied greatly, which directly affected land surface temperature. Therefore,
ASTER GDEM was used for the correction of LST.

2.2.6. Meteorological Station Observation Data

Meteorological station observation data were obtained from the China surface climate
data daily data set (V3.0), which was requested and downloaded from the China Mete-
orological Data Service Centre website (http://data.cma.cn/ (accessed on 1 May 2022)).
The dataset contains daily data of atmospheric pressure, air temperature, precipitation,
ET, relative humidity, wind direction and speed, sunshine duration and 0-cm ground
temperature elements of 699 reference and basic meteorological stations in China since
January 1951. In this study, the daily data on air temperature, precipitation, ET and relative
humidity from 2001 to 2020 were obtained from 12 meteorological stations in Ningxia, and
the monthly and annual values were calculated (Table 3).

Table 3. Meteorological station used in this study.

Number Station Latitude (N) Longitude (E) Altitude (m)
53519 Huinong 39.22 106.77 1093.1
53612 Wuzhong 37.98 106.18 1132.2
53614 Yinchuan 38.48 106.22 1111.6
53615 Taole 38.80 106.70 1102.9
53704 Zhongwei 37.53 105.18 1226.6
53705 Zhongning 37.48 105.67 1184.4
53723 Yanchi 37.78 107.40 1350.4
53806 Haiyuan 36.57 105.65 1854.8
53810 Tongxin 36.98 105.90 1340.7
53817 Guyuan 36.00 106.27 1754.2
53903 Xiji 35.97 105.72 1917.9
53910 Liupanshan 35.67 106.20 2839.1

2.2.7. Area Data of the Yellow River Irrigated

The vector data of 14 sub-irrigated areas under the administration of the Ningxia
Yellow River irrigation area were provided by Ningxia water Conservancy administration
department with the format of ArcGIS shape. After the coordinate transformation and
topological relationship construction, the data were used to study whether there was a
difference of ET and drought index of the study area and the non-irrigated area.


https://search.earthdata.nasa.gov/search?q=ASTER&ok=ASTER
http://data.cma.cn/

Remote Sens. 2022, 14, 5953

6 of 21

2.3. Methodology
2.3.1. Theil-Sen Median Trend Analysis and Mann—Kendall Test

A Theil-Sen median trend analysis and Mann-Kendall test were combined to detect
the trend of long-term data. In this study, these two methods were used to determine the
trends of AET and PET in the study area from 2001 to 2020.

Theil-Sen median trend analysis is a robust non-parametric statistical trend calculation
method, and the calculation formula is:

Xj—Xi L
ﬁ—mean( = ),V]>z, (1)
where x; and x; represent the x values in years i and j. The value of > 0 reflects an upward
trend; § < 0 indicates a downward trend.

The Mann-Kendall test is a non-parametric method. Unlike other parametric tests,
the Mann—Kendall test does not require samples to follow a certain distribution pattern
and is disturbed by abnormal values; therefore, this method is more suitable for testing
sequential variables. A Mann-Kendall test had been successfully used to test hydrological
and meteorological time-series data for determining whether the data showed an upward
or downward trend [22,23].

When the trends of ET (including AET and PET) are tested with a Mann—Kendall test,
certain time-series ET data are regarded as a group of independently distributed samples,
and the parameter Z,, is used as the pixel ET attenuation index. The calculations are
performed as follows:

L 5>0

v/ Var(S)
Zpe =10, S=0, @)

S+1 S<0

VVar(s)’
s=Y1) Y sign(xj = xi), )

1, Xj—Xxi > 0
sign(xj —x;) =4 0,x,—x,=0, 4)

—1,x =X < 0
n(n—1)(2n+5)

13 , ®)
where 7 is the number of data points. When n > 8, the statistical quantity S is approxi-
mately normally distributed. sign is the sign function. At a given significance level (w), if
| Zpx| > Zpx(1-4), the assumption of no trend is rejected, indicating that a great trend change
in the time-series data has occurred.

Using the Theil-Sen median trend analysis and Mann—Kendall test, this study analyzed
the trend of ET in the study area from 2001 to 2020, and determined the significance of
the ET trend at oc = 0.05. A value of | Z,, | >1.96 indicates that the trend has passed the
significance test of 95% reliability.

Var(S) =

2.3.2. ET Complementarity Theory

According to Bouchet and ET complementarity theory for a particular region, solar
radiation is constant within a given period of time. The radiation energy mainly affects
surface ET, surface temperature, and air temperature. At the watershed scale, ignoring the
influence of advection, the heat balance equation in the vertical direction is as follows:

R=LE+Q+Bs, (6)

where R is ground radiation difference; LE is ET energy consumption; E is ET; L is latent
heat of vaporization; Q is turbulent heat flux between the surface and atmosphere; and B; is
the change in heat storage. Compared with other terms in long periods, B, is much smaller
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and negligible. When the surface is not moist enough, the AET consumes less energy, and
the excess heat raises the air temperature and reduces the humidity, which will increase the
ET. Bouchet assumed that the rate of decline in AET (JET,) is equal to the rate of increase
in PET (6ET}), and vice versa. The formula is:

SET, = —6ET,, @)
The integral of the above equation is obtained as follows:
ET,+ET,=C, ®)

where C is the integral constant determined by boundary conditions. If ET under the
condition of sufficient water supply is ET,, then ET, = ET, = ETy, and C = 2ETy,, which is
substituted into the Equation (8), then:

ET, + ET, = 2ET, )

Observational ET in a meteorological station is identified as ET,. Based on the t-test,
this study verified the difference between observation ET of Bureau of Plant Industry pan
(BPI pan) and the sum of AET and PET, so as to analyze the complementary relationship
and spatial distribution of ET in Ningxia, which is located in the arid and semi-arid regions
of the upper reaches of the Yellow River. The formulas are as follows:

2ETs — ETtotul

t= , (10)
\/ m-yet+1 (1 1)
ny+ny ny 1y

— 1
ET= ), ETi, (11)
S — ?:1 (ETI — ﬁ) (12)

n 4

ETtotul =ET, + ETp ’ (13)

where ET; is the observation ET of BPI pan in the meteorological station; ET},, is the sum
of AET and PET; i is the number of the year; n is the sum of the years; n1 is the number of
the observation sample in the meteorological station; 1, is the number of MODIS product
sample corresponding to the location of meteorological stations.

Based on the relationship of observed ET in meteorological stations, the complemen-
tary relationship of the pixel-level ET was analyzed. AET variation trend, Z,,(ET,), and
PET variation trend, Zpx(ET), ), were calculated using Equation (2). When AET and PET had
the same change trend or the change trend was not obvious (it failed the significance test of
o = 0.05), the complementary relationship between AET and PET did not exist. When AET
and PET had significant change (through the significance test of x = 0.05) and their change
trends were opposite, AET and PET had a complementary relationship. If the ratio of the
absolute value of the change was 1, AET and PET had a strict complementary relationship;
otherwise, they were asymmetrically complementary (Table 4).

Table 4. Complementarity relationship between AET and PET.

Condition Relationship Value
Zpx(Ea)/ Zpx(Ep) Z 0 Indetermination 0
Zpx(Ea)/ Zpx(Ep) <0 & | Zpx(Eq) | > 1.96& | Zpy(Ep) | > 1.96 Asymmetric complementation 1

Zpe(Ea)/ Zpx(Ep) <0 & | Zpy(Eq) | > 1.96 & | Zpx(Ep) | > 1.96
& | Zpe(Ea)/ Zpx(Ep) | ~ 1

Complementation 2
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2.3.3. Proposal of EDI

Based on the complementarity theory of ET, this study first proposed EDI, which was
used to reflect the drought degree through the relationship between AET and PET. Under
the premise of a certain ET, the smaller AET was, the smaller the surface moisture content
was, that was, the more arid; otherwise, the wetter the surface moisture was. EDI was

calculated as follows:
ET, — ET,

EDI= -/ ¢
ET, + ET,

(14)
where ET, is the value of AET and ranges from 0 to ET},, which limits EDI is from 0 to 1.
ET) is the value of PET. When ET, =0, the surface is absolutely dry and EDI = 1. With the
increase of ET,, EDI becomes smaller. When ET, = ET), the supply of water is sufficient
that the surface is absolute wet, and EDI = 0.

According to Equations (8) and (14) can be converted to:

2ET, — C
EDI=—"—"F —, (15)
C
o C — 2ET,
EDI = % , (16)

Equations (15) and (16) indicate that, in the case of fixed energy, the degree of surface
aridity needs only one parameter (ET, or ET),) to reflect the degree of surface drought.

3. Results
3.1. Trend of Spatiotemporal Variation in AET and PET

Between 2001 and 2020, the maximum and minimum values of annual AET were 802
and 170 mm, respectively, and the average annual AET was 318 mm (Figure 2a). The Liupan
Mountain in the south showed the highest AET, followed by the Yellow River irrigation
area, non-irrigated area and lastly the Helan Mountain in the north. During the same time
period, the maximum and minimum values of annual PET were 2050 mm and 1315 mm,
respectively, and the average PET was 1584 mm (Figure 2b). Helan Mountain showed the
highest PET, followed by the central plain region, and lastly the Liupan Mountain.

39.0°N L (b)

37.8°N

36.7°N

35.5°N
105.0°E 106.0°E 107.0°E 105.0°E 106.0°E 107.0°E
i 2
200 300 400 500 600 700 800 1400 1500 1600 1700 1800 1900 2000

Figure 2. Assessment of annual average AET and PET in Ningxia from 2001 to 2020. (a) Annual
average AET. (b) Annual average PET.
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According to the Theil-Sen median trend analysis and the Mann-Kendall test, both
AET and PET showed trends of significant change in the past 20 years. At the confidence
degree « = 0.05 test, the variation trend of AET, PET and the sum of AET and PET were
summarized in Table 5. In the study area, AET showed a significant increase in 94.6% of
the total area, no significant change in 5% of the total area and a significant decrease in 0.4%
of the total area. By contrast, PET showed a significant decrease, no significant change,
and significant increase in 93.5%, 6.3% and 0.2% of the total area, respectively. To verify
the complementary relationship between AET and PET, we analyzed the variation trend
of the sum of AET and PET. The results revealed no significant change in the sum of AET
and PET in 75.5% of the total area, a significant decrease in the sum of AET and PET in
21.8% of the total area, and a significant increase in only 2.7% of the total area in the past 20
years. The areas showing a decrease or no change in AET were mainly concentrated in the
Yellow River irrigation area (Figure 3a). By contrast, the areas showing no change in PET
were dispersed, mainly distributed in the regions of the Helan Mountains (Figure 3b). The
regions with significantly decreased ET were mainly concentrated in the central arid zone
and in the southwest region of Yinchuan (Figure 3c).

Table 5. Variation trend of AET, PET and the sum of AET and PET.

ET, ET, ET, + ET,
Trend Value Area Trend Value Area Trend Value Area
Upward 1 94.60% Upward 1 0.20% Upward 1 2.70%
Unvaried 0 5% Unvaried 0 6.30% Unvaried 0 75.50%
Downward -1 0.40% Downward -1 93.50% Downward -1 21.80%

39.0°NF

37.8°N

36.7°N 1

35.5°NF

105.0°E 106.0°E 107.0°E 105.0°E 106.0°E 107.0°E 105.0°  106.0°E 107.0°E

Figure 3. Trends of spatial variation in AET, PET and the sum of AET and PET in Ningxia from 2001
to 2020. (a—c) Spatial distribution of AET (a), PET (b) and the sum of AET and PET (c) trends.

3.2. Validation of ET Complementarity
3.2.1. Point Scale Verification

The observations of ET of BPI pan, MODIS AET and PET in the past 20 years at six
meteorological stations are listed in Table 6. The t-test was performed on the sum of AET
and PET and 2 times the measured data of BPI pan by using Equation (10), and the resulting
p-value (0.854) indicated no significant difference between the sum of AET and PET and two
times the measured data of BPI pan, therefore it could be concluded that 2ETs = ET, + ET),.
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Table 6. Observations of BPI pan (ETs), MODIS AET (ET,) and MODIS PET (ET)) over the past 20
years at six meteorological stations in Ningxia (mm).

Taole Wuzhong Yanchi

Year

Es ET, ET, ETs ET, ET, ET; ET, ET,
2001 1048.2 194.8 1786.9 1073.3 179.1 1844.7 1077 .4 192.3 1752.3
2002 1181.2 218.7 1776 1174.8 2242 1791.7 1142.9 227 1697.6
2003 1086 233.4 1694.4 1145.8 195.9 1746.6 1182.8 247.4 1631.7
2004 901 226.2 1757 .4 935.5 154.2 1842.4 841.6 206.7 1751.6
2005 834.6 203 1784.2 919.1 160.8 1840.8 843.8 214.5 1689.1
2006 928.4 218.4 1780.9 984.9 165.4 1843.8 917.5 204.8 1720.2
2007 967.2 265.9 1694 1013.7 221.8 1745.2 976.7 236.9 1677
2008 1076.3 228.8 1692 959.6 190.6 1762 934.4 229.6 1633.5
2009 1080.1 242.3 1666.6 919.1 202.8 1757 .4 956.5 236.7 1623.4
2010 1084 283 1642.1 1020.6 245.9 1689.5 9225 281 1599.6
2011 1103.4 301.9 1587.5 1121.8 235.3 1642 1019.2 262.9 1533
2012 877.5 294.3 1661.9 906.7 233.7 1743.3 996.3 264 1615.4
2013 807.5 2714 1727.5 797.3 220.2 1796.5 904.8 272.8 1620.9
2014 898 370.3 1516.1 951.1 254.7 1673.8 927.4 2914 1560.9
2015 979.1 301.6 1665.3 976.4 245.6 1738.8 1034.3 271.2 1602.7
2016 978.9 372 1627.5 976.6 282.8 1695.4 1056 307.3 1580.2
2017 889 347.6 1617.4 862.7 290.6 1675.7 971.8 320 1560.7
2018 888.9 316.5 1643.6 854.2 265.8 1719.4 965.5 299.3 1584.6
2019 856 3324 1612.2 866 280.3 1696 934 309.9 1559.7
2020 913.3 293.5 1723.4 883.1 2242 1823.4 1023.7 250 1669
Year Yinchuan Haiyuan Tongxin

ET; ET, ET, ET; ET, ET, ET; ET, ET,
2001 1073.3 179.1 1844.7 1168.3 275.1 1571.8 1186.9 211 1668
2002 1174.8 224.2 1791.7 1225.9 314.3 1564.4 1177.7 226 1673.2
2003 1145.8 195.9 1746.6 1300.2 354.8 1429 1208.8 277 1541.4
2004 935.5 154.2 1842.4 935.2 282.6 1583.4 835.5 212.1 1700.2
2005 919.1 160.8 1840.8 975.7 3114 1485.7 850.8 230.9 1606.4
2006 984.9 165.4 1843.8 1025.9 283.8 1540.4 959.3 2223 1645.6
2007 1013.7 221.8 1745.2 1141.1 336.3 1469.5 1033 257.6 1584.7
2008 959.6 190.6 1762 1082.5 292.6 1477.6 1004.8 231.7 1594.6
2009 919.1 202.8 1757.4 1129.6 317.6 1456.4 1080.3 246.7 1592.8
2010 1020.6 245.9 1689.5 1220.2 397.9 1420.7 1144.7 289.6 1543.5
2011 1121.8 235.3 1642 1322.9 389.9 1350.4 1132.8 283.5 1474.2
2012 906.7 233.7 1743.3 1223.4 370.5 1405.4 964.9 294.4 1529.2
2013 797.3 220.2 1796.5 1082.4 377.3 1461.1 867.8 291.6 1577.5
2014 951.1 254.7 1673.8 1154 395.4 1343.4 1032.1 320.1 1472.6
2015 976.4 245.6 1738.8 1068.8 389 1412.7 991.9 300.4 1522.2
2016 976.6 282.8 1695.4 1081.8 380.1 1439.9 953.7 321.7 1545.1
2017 862.7 290.6 1675.7 1049.7 393.5 1421.9 939.8 327.8 1506.9
2018 854.2 265.8 1719.4 1133.1 400 1427.5 917.6 305 1523.5
2019 866 280.3 1696 1054 416.5 1421.4 965 323.3 1522.2
2020 883.1 224.2 1823.4 1086.9 359.5 1465.4 982 264.1 1602.3

Based on complementarity theory and a modified Mann-Kendall test, the trend analy-
sis and significance test of AET and PET were carried out on each meteorological station
through Equation (7). As shown in Figure 4a,b, the AET and PET of each station conformed
to a complementarity relationship. The AET and PET of three stations (Taole, Wuzhong,
and Yinchuan) conformed to a strict complementarity relationship, and the other stations
reflected asymmetric complementarity. As shown in Figure 4c, the AET of each meteorolog-
ical station had a trend of continuous increase, and PET had a continuous decrease trend
from 2000 to 2020.
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Figure 4. Trend of variation of AET (ET,) and PET (ET}), and Mann-Kendall test result. (a) Variation
trends of AET and PET; (b) Mann-Kendall test result of AET; (¢) Mann-Kendall test result of PET.

3.2.2. Regional Scale Verification

The t-test was performed on AET and PET of the study area, and passed the inspec-
tion with the confidence degree « = 0.05. As shown in Table 7, AET and PET had strict
complementarity in 69.2% of the total area in the study area, asymmetric complementarity
in 21.9% of the total area and unclear regional complementarity in 8.8% of the total area. As
shown in Figure 5, the regions with indeterminate complementarity were mainly located in
irrigated areas along the Yellow River and in the north of Helan Mountain. The regions
with asymmetric complementation were mainly distributed in the central arid zone, and
most of the south regions were strict complementarity.
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Table 7. Types of complementary relationship between AET and PET in Ningxia.

Complementary Relationship Value Area
Indetermination 0 8.80%
Asymmetric Complementation 1 21.90%
Complementation 2 69.20%

39.0°N ~

37.8°N A

36.7°N -

35.5°N

105.0°E 106.0°E 107.0°E
Figure 5. Spatial distribution of the complementary relationship between AET and PET.

3.3. EDI

Based on MOD16A3, the average annual EDI of the study area was calculated by
Equation (14) and the pixel statistics showed that annual EDI ranged from 0.28 to 0.83, and
the average EDI was 0.66. As shown in Figure 6a, the annual EDI gradually increased from
the south to north, with a minimum in the Liupan Mountains in the south and a maximum
in the Helan Mountains in the north. Moreover, at the same latitude, the annual EDI in the
Yellow River irrigated area was smaller than that in the non-irrigated area.

The variation trend of EDI is shown in Table 8. Passing the inspection wholly with the
confidence degree o = 0.05, only 0.2% of the total area showed an upward trend of EDL no
significant change in EDI was detected in 4.7% of the total area, while 95.1% of the total
area had downward in EDI. As shown in Figure 6b, except the Yellow River irrigation area,
all regions showed a downward trend of EDI, which was consistent with the trend of AET
change (Figure 3a).

Based on MOD16A2, monthly EDI of the study area was calculated by Equation (14).
As shown in Figure 7, the monthly EDI showed considerable seasonality and interannual
variations. The EDI was the lowest (0.30) in January. The EDI increased each month,
reached a peak (0.82) in May, and then declined gradually to 0.31 in December.

The spatial distribution of average monthly EDI is shown in Figure 8. The spatial
distribution of EDI was even in January and December, and the regional difference was
minor. EDI showed considerable regional variability during the months of February, March,
April, October and November, and the value of EDI in the north was larger than that in
the south. EDI in the irrigated area was significantly smaller than that in the non-irrigated
area during the period from May to September, and the difference in EDI between July and
August was the largest.
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Figure 6. Evaluation of the spatial distribution patterns of average annual EDI. (a) Spatial distribution

of average annual EDI; (b) Spatial distribution of EDI variation trend.

Table 8. Variation trend of EDI.

Trend Value Area
Upward 1 0.20%
Unvaried 0 4.70%
Downward -1 95.10%
0.8 - i i T -
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- —
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Figure 7. Temporal variation in average monthly EDI.

According to the Theil-Sen median trend analysis and the Mann-Kendall test, monthly
EDI in study area showed a decrease in general except in irrigated areas (Figure 9). The
most significant decrease of monthly EDI was in the southern region. With the difference
of seasons, the variation trend of monthly EDI was different. The most significant decrease
was in summer (June, July, August and September), and the insignificant decreasing trend
was in winter that the most insignificant decreasing trend was in December. However,
monthly EDI in irrigated area showed significant increasing trend from May to September
which were just the irrigation time, but the change trend was consistent with the adjacent

non-irrigated areas in the other months.
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Figure 8. Spatial distribution of average monthly EDI from 2001 to 2020.

3.4. Correlation Analysis of EDI
3.4.1. Correlation Analysis on the Annual Scale

The annual precipitation in the study area ranged from 193-592 mm, while the average
annual precipitation was 344 mm. As shown in Figure 10a, annual precipitation exhibited
an increasing trend from northwest to southeast. The lowest precipitation was less than
200 mm in the Helan Mountains, and the highest amount was more than 500 mm in the
Liupan Mountains. The annual surface temperature varied from 1 to 17 °C, with an average
of 11.7 °C. As shown in Figure 10b, the surface temperature was lower in the southwest
(average < 10 °C), and higher in central regions (average > 12 °C). At the same latitude, the
surface temperature in irrigated areas was 1-2 °C lower than that in non-irrigated areas.
The annual NDVI varied from 0.04 to 0.62, with the highest value of more than 0.5 in the
Liupanshan Mountains. NDVI ranged from 0.3 to 0.4 in the irrigated area and from 0.1 to
0.2 in the non-irrigated area.

As shown in Figure 11, annual EDI showed a strong correlation with precipitation,
surface temperature and NDVI in the study area from 2001 to 2020.

The maximum and minimum correlation coefficients between annual EDI and annual
precipitation were 0.62 and —0.77, respectively, while the average correlation coefficient
was —0.44. The negative correlation coefficient areas accounted for 96.4% of the total
area, and the positive correlation areas accounted for only 1.2%, indicating that EDI and
precipitation had a negative correlation in general. The spatial distribution of the correlation
coefficient between EDI and precipitation (Figure 11a) showed that the regions with a
positive correlation were mainly distributed in irrigated areas and the Helan Mountains,
whereas those with a negative correlation were predominantly located in central and
southern regions.
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Figure 9. Trends of variation in monthly EDI. (0: no change; —1: no change; —2: insignificant
decrease; —3: significant decrease; —4: extremely significant decrease; 1: insignificant increase;
2: slight increase; 3: significant increase; 4: extremely significant increase).
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Figure 10. Spatial distribution of three influencing factors in Ningxia from 2001 to 2020. (a,c) Spatial
distribution patterns of annual precipitation (a), annual surface temperature (b) and annual NDVI (c).
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Figure 11. Spatial distribution patterns of the correlation coefficients between EDI and three influ-
encing factors in Ningxia from 2001 to 2020. (a—c) Spatial distribution of the correlation coefficient
between EDI and precipitation (a), surface temperature (b) and NDVI (c).

At the annual scale, the maximum correlation coefficient between EDI and surface
temperature was 0.92, and the minimum was 0.89. The regions with a positive correlation
coefficient accounted for 34.8% of the total area, and those exhibiting a negative correlation
accounted for 62.7%. As shown in Figure 11b, the areas with a positive correlation coefficient
were mainly distributed in the southern mountainous region and the Yellow River irrigated
area, while those with a negative correlation coefficient were mainly distributed in the
northern and eastern non-irrigated areas.

The maximum correlation coefficient between annual EDI and annual NDVI was 0.84;
the minimum was —0.97; and the average was —0.66. The proportion of positive correlation
coefficient areas was 1.7%, and that with a negative correlation coefficient was 95.8%, which
indicated that annual EDI was negatively correlated with annual NDVI in general. As
shown in Figure 11c, except the irrigated area and the Helan Mountains in the north, the
correlation coefficients of all areas were negative.

3.4.2. Correlation Analysis on the Monthly Scale

According to the correlation analysis and significance test, the correlation between
monthly EDI and precipitation, land surface temperature, and NDVI varied greatly in
different months (Table 9).

Table 9. Correlation analysis between monthly EDI and precipitation, land surface temperature, and
NDVL. (* means passing the o = 0.05 significance test).

Average Correlation Coefficient

Month

Precipitation Land Surface Temperature NDVI

January —0.49 0.53 % —0.08
February -0.13 0.35 -0.14
March —0.66 * 0.11 —0.23
April —0.71% 0.13 —0.25
May —0.43 0.34 —041*
June —0.55* 0.12 —0.58 *
July —0.50 % 0.29 —0.69 *
August —0.32 0.31 —0.69 *
September —0.35 0.34 —0.50 *
October —0.80 * 0.19 —0.31
November —-0.74 % 0.39 —-0.38
December —0.30 0.38 —0.11

As shown in Figure 12, monthly EDI showed a negative correlation with precipitation
in general, and the maximum correlation coefficient (—0.80) occurred in October and the
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minimum correlation coefficient (—0.13) occurred in February. The correlation in irrigated
areas was affected by irrigation time that the correlation was smaller in May to August
than that in the other month.
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Figure 12. Spatial distribution of the correlation coefficient between EDI and precipitation.

As shown in Figure 13, monthly EDI showed positive correlation with land surface
temperature in general, but the overall correlation is not high: the maximum correlation
coefficient was only 0.53 in January and the minimum correlation coefficient was 0.11 in
March. The correlation in the irrigated areas were significantly different than the correlation
in non-irrigated areas in the irrigation period (May to August), and the difference was not
obvious in the other months.

As shown in Figure 14, monthly EDI showed negative correlation with NDVI in
general, and the correlation had significant seasonal differences. The negative correlation
was highest in summer when plants grow better, and the maximum correlation coefficient
was —0.69 in July and August. The negative correlation was lowest in winter when
vegetation was sparse, and the minimum correlation coefficient was —0.08 in January. The
correlation in irrigated areas and in non-irrigated areas had a great difference in May and
September. At this time, monthly EDI showed an obvious positive correlation with NDVI
in irrigated areas, while a negative correlation was found in non- irrigated areas. The
difference was not obvious in other months.
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Figure 13. Spatial distribution of the correlation coefficient between EDI and land surface temperature.

39.0°N

37.8°N

36.7°N

35.5°N

39.0°N

37.8°N

36.7°N

35.5°N

39.0°N

37.8°N

36.7°N

35.5°N

105.0°E106.0°E107.0°E _ 105.0°E106.0°E107.0°E  105.0°E106.0°E107.0°E  105.0°E106.0°E107.0°E
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4. Discussion

This study discovered great differences between AET and PET in Ningxia in the upper
reaches of the Yellow River. The average annual AET was 20% of the average annual PET,
and the minimum AET was only 9% of the minimum PET (Figure 12), which was related to
the geographical location and meteorological conditions of the study area. The study area
was located in arid and semi-arid areas and had little precipitation, long sunshine duration
and intense radiation [21]. Among them, precipitation was the main influencing factor of
AET, and radiation had a great effect on PET. The spatial distribution of AET showed that
AET in irrigated areas was significantly higher than that in non-irrigated areas of the same
latitude, which was mainly caused by the irrigation. The soil water content in the study
area was small, but irrigation would increase the soil water content. This study showed that
ET increased with the increase of soil water content in the irrigated area, which indicated
that irrigation had a direct impact on AET in arid and semi-arid areas. This result was
consistent with other studies [22].

In most of the study area, AET and PET had opposite trends, and the sum of AET
and PET had no significant change on the whole. This result indicated that AET and
PET were complementary and the complementary theory of ET was applicable in the
study area. Based on the energy balance theory and ET complementarity theory, this study
proposed the concept of EDI and then established an EDI model to reduce the number of the
meteorological factors needed compared with those needed in previous studies. The EDI
model needed only two parameters (AET and PET) or only a single parameter (AET or PET)
in the case of energy determination to effectively reflect the degree of drought. Compared
with the commonly used drought index r = ? (where ET), is PET, and P is precipitation),
EDI was more accurate for reflecting drought degree, especially in arid areas. EDI not
only considered the effect of precipitation, but also added the effect of non-precipitation
water replenishment on the surface, such as irrigation. Under the condition of the same
precipitation, irrigation would increase AET, and thus affected the degree of drought. This
was verified by the fact that the AET of the irrigated area in this study area was significantly
greater than that of the non-irrigated area.

It was found that the influencing factors of annual EDI and monthly EDI were quite
different in the study area. The results showed that the annual average EDI of the study
area was 0.66 and had a downward trend from 2001 to 2020. Many factors affected the
annual EDI, and precipitation was the most sensitive factor which had a great negative
correlation with EDI. The annual EDI was also affected by NDVI, land surface temperature
and precipitation. According to the degree of influencing, the factors were ranked as
follows: precipitation > NDVI > surface temperature. The results of correlation analysis
showed that precipitation and NDVI had negative effects on annual EDI. Previous research
by the authors showed that NDVI had a direct relationship with ET, which caused the
change of EDI. Surface temperature had positive effect on EDI because it had a direct effect
on PET. The higher of the surface temperature, the greater the PET is. Under the condition
of unchanged AET or slightly changed AET, it showed from Equation (15) that the higher
PET caused the greater EDI.

Monthly EDI was from 0.3 to 0.82 and its variation curve was of approximately normal
distribution. The lowest monthly EDI was in January and December, and the highest
was in May. The influencing factor of monthly EDI was different within seasons. The
main influencing factor in winter (January, February and December) was land surface
temperature. The main influencing factor in spring and autumn (March, April, May,
October and November) was precipitation. The main influencing factor in summer (June,
July, August and September) was NDVI. In winter, precipitation was extremely scarce in
the study area, and NDVI was very small due to crop harvesting and vegetation wilt that
these two factors had little influence on ET, while the change of land surface temperature
was directly related to the change of surface energy, which affected the change of ET and
then acted on monthly EDI. The influence of NDVI on monthly EDI was also the indirect
influence of precipitation on EDI. With the increase of rainfall and temperature, NDVI
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reached its maximum in summer, so the correlation coefficient between NDVI and EDI
also reached its maximum in summer. NDVI in spring and autumn was smaller than that
in summer, and precipitation had a greater effect on monthly EDI, and the correlation
coefficient was larger.

Irrigation was the main factor responsible for monthly EDI difference between irri-
gated and non-irrigated regions in the study area. Due to the increase of soil moisture in
the irrigated regions during the crop growing period and the transpiration of vegetation,
AET was increased and then affected monthly EDIL Due to the lack of irrigation water
consumption data, this study cannot take further analysis of the relationship between
irrigation water consumption and drought index, but this will be one of the directions of
subsequent research.

5. Conclusions

This study analyzed the spatial and temporal distribution and variation trends of AET
and PET in Ningxia in the upper reaches of the Yellow River based on the MOD16 ET
product; verified and confirmed the complementary relationship between AET and PET
based on the measured ET data of meteorological stations; and first proposed the concept
and model of EDI based on the principle of energy balance. In addition, the variation
trend and influencing factors of monthly and annual EDI were also studied. The specific
conclusions are as follows:

(1) The energy of ET in the study area was stable from 2001 to 2020, and AET and PET
showed a complimentary relationship in the majority of regions in the study area,
and most regions showed strict complementarity. The complementary theory of ET
had applicability in the study area, and the results will provide a theoretical basis for
further research and application of the ET model in arid and semi-arid regions.

(2) Based on the complementarity theory of ET, EDI was proposed to accurately reflect
the drought in the study area at both the annual and monthly scales. EDI has the
concise model and clear physical meaning that will provide technical support for
drought research based on ET data.

(8) There was significant correlation between annual EDI and precipitation, land surface
temperature and NDVI in the study area. The influencing factors of monthly EDI
were different between the seasons. Irrigation had a great impact on the monthly EDI
of irrigated and non-irrigated areas. Particularly for the irrigation period, irrigation
would cause great differences between the monthly EDI of irrigated and non-irrigated
areas.
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