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Abstract: Drought is one of the most common natural threats to agricultural production worldwide.
Few studies have studied the effects of agricultural practices on drought mitigation at a regional
scale over a long period. This paper analyzes the spatiotemporal characteristics in the agricultural
drought-affected area change index (ADAC), which was developed to assess the drought mitigation.
The linear regression method was used to investigate the impact factors on the change of ADAC
in the three main winter wheat provinces of northern China. The results showed that the average
ADAC during the main growing season in the study area was approximately —61.5% over the past
38 years, which indicated a great decrease of the agricultural drought-affected area. The significant
decreasing trends of ADAC values across the study area during 1981-2000 could be explained by the
area percentage equipped for irrigation (APEI) by 49.2-89.7%. There was a lack of pronounced change
trends of ADAC during 2001-2018, implying that the positive effects of irrigation infrastructure in
the plain area might reach a plateau under the constraints of available water resources, and other
agricultural practices need to be investigated in the future. This research provides helpful decision
information on drought adaptation management and water conservation project planning.

Keywords: agricultural drought; drought mitigation; irrigation infrastructure; remote sensing

1. Introduction

Drought is a worldwide natural threat and, in extreme cases, a disaster in economic,
social and ecological terms [1]. From 1984 to 2017, drought caused annual economic losses
in China of more than $5.5 billion [2]. Agriculture was the sector most affected by drought,
accounting for more than 80% of total losses [3]. For example, in China, approximately
27 Mha of crop areas were affected by drought in 2000, and the economic losses exceeded
more than 50 billion RMB [4]. Climate change will cause regional droughts to be more
frequent and severe in the future [5-7]. The drought area is estimated to increase by
approximately 15-44%, and the estimated losses might increase ten times compared to the
1986-2005 period under the scenario of a 1.5 °C increase from the current level in China [2].
The expanded drying regions will threaten global food security. Therefore, various drought
mitigation measures have been applied to reduce or eliminate these negative effects [8].

There are diverse agricultural measures to combat drought globally. Measures with
long-term effects, such as biological, institutional and infrastructural measures, can reduce
the vulnerability of agricultural systems to drought. Agricultural practices with short-term
effects aim to address one drought event [9]. Measures have been independently or jointly
applied in a region by the government and farmer households [10-12]. Governments
invest in infrastructure to serve as irrigation facilities, including canal lining, sprinkler
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irrigation, and drip or pipeline reservoirs [13,14], and they develop drought tolerance
varieties and promote institutions for deficit irrigation [15-18], water rights and water
prices [19]. Farmer households take anti-drought measures such as adjustment of the crop
planting structure, mulching, irrigation and other agricultural inputs to improve crop yield
based on experience [20-22].

Irrigation—the artificial provision of moisture to plants—is a major anti-drought mea-
sure [22-25]. Irrigation stabilizes climate extremes and variability by shifting the threshold
to beyond the level at which crops will be negatively affected, and it can also prevent
crop yield declines due to climate impacts [26-30]. However, overexpansion of irrigation
also reduces the water supply accessible to crops with the restriction of water resources,
exacerbating the impacts of extreme droughts [24,25]. Therefore, the effect of irrigation
for combating drought can be instructive for developing and implementing mitigation
schemes and can contribute to decision making regarding disaster management [3,14].

The drought mitigation measures involving irrigation mainly includes two types.
One is non-engineering measures, such as increasing the amount of irrigation water, and
deficit irrigation. Hydrological models are popular for assessing the effect of irrigation
amounts on streamflow and groundwater, as well as stream temperature [31-33]. The effect
of deficit irrigation is mostly studied to investigate the impacts on yield and water use
efficiency in the filed scale [34-37]. However, the yield variable is not entirely appropriate
for quantifying the effect of irrigation on drought mitigation due to many impact factors,
such as fertilizer, disease and pest control. Neither statistical models involving the yield
variable nor hydrological models have been used to assess the impacts of irrigation on
mitigating drought directly. The other is the irrigation infrastructure, which provides access
to water for irrigation and to enhance reliability of irrigation. It is a general and effective
conventional engineering measure to adapt to drought [38,39]. The expansion of irrigation
infrastructure makes the increase of irrigation possible, leads to substantial additional
water withdrawals, and results in the agriculture system being more vulnerable to extreme
droughts under the restriction of water resources [24,38,40]. Little research to date has
investigated the performance of the irrigation infrastructure on drought mitigation over a
long period.

Field investigations of agricultural measures involving irrigation on drought miti-
gation are normally limited by spatial representability and temporal continuity. Remote
sensing technology has been widely applied to meteorological and agricultural drought
monitoring worldwide [41-44]. To date, few studies have explored the quantitative impacts
of irrigation infrastructure on drought mitigation at the regional scale. Wu et al. (2020)
developed the index of agricultural drought area change (ADAC), which can reflect the
spatiotemporal changes in the comprehensive performances of anti-drought measures on
agricultural drought [45]. Unlike field investigations or model simulations, The ADAC
index was calculated by using pixel-based PDSI and VHI data. The advantage of the ADAC
can provide drought-mitigated area information at a regional scale. However, due to many
agriculture practices applied in a region, the contribution of irrigation measures to drought
mitigation over a long period has not been investigated.

The overall goal of this study is to examine the influence of irrigation infrastructure on
drought mitigation in northern China over the past 38 years. First, the spatial and temporal
changes in the ADAC for the growth period of winter wheat in three main production
provinces of northern China were analyzed to provide a better understanding of the
performance of anti-drought measures. Second, the impacts of area percentage equipped
for irrigation (APEI) on drought mitigation were explored for two periods, which were
determined by abrupt change point analysis of the ADAC. The results can support drought
adaptation management under climate change, water conservation project management
and investments in food security.



Remote Sens. 2022, 14, 5197

30f13

2. Materials and Methods
2.1. Study Area

The study area is located between 110.24 and 122.80° E and 31.38 and 42.67° N,
including Hebei, Henan and Shandong Provinces (HHSP) in North China (Figure 1). It
has a temperate zone continental monsoon climate with an average annual rainfall of
500-900 mm. Approximately 80% of annual precipitation is concentrated to between June
and September. Drought, particularly spring and summer drought, is the most serious
meteorological threat to agricultural production in the North China Plain (NCP), in which
the major part was covered by the study area [46,47].
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Figure 1. Location of the study area and Digital Elevation Model.

The study area is an important winter wheat (Triticum aestivum L.) production region
in China, accounting for more than 55% of the total national wheat production. Due to
insufficient precipitation during the wheat growth period, irrigation is definitely one of the
major agricultural practices to mitigate the effects of drought and reduce the vulnerability of
crop production in the NCP [35,48]. Canal lining, pipeline and drip and sprinkler irrigation
from both surface water and groundwater resources have been applied in approximately
44% of the cropland in the Hai Basin, including the major part of the HHSD, since the
1980s [49]. Investigation of the performance of irrigation on drought mitigation over a long
period for the study area will be valuable to support decision-making on planning and
investment in irrigation water conservation projects.

2.2. Data

The Palmer drought severity index (PDSI) was developed based on the difference
between actual and potential evapotranspiration [50] (Palmer, 1965). Potential evapo-
transpiration is calculated according to the water requirement for crop growth uncon-
strained by water availability. The PDSI has been widely used to identify meteorological
drought at regional and global scales [6,38,42]. The global PDSI dataset from 1981 to 2018
was downloaded from the Terra Climate dataset supported by the University of Idaho
(http:/ /www.climatologylab.org/terraclimate.html, accessed on 1 February 2020). The
dataset has an approximately 4 km resolution with a monthly time interval [51].
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The Vegetative Health Index (VHI) is based on vegetation vigor and thermal condi-
tions [52]. It has been successfully used in many countries and regions, such as North
America, China, Mongolia and Africa [44,53]. The VHI dataset from 1981 to 2018 was
downloaded from the website of the Centre for Satellite Applications and Research of the
National Environmental Satellite, Data, and Information Service. The weekly VHI data
for the study area were extracted with a spatial resolution of 4 km from 1981 to 2018 and
composed of monthly data using the mean method.

The land cover product for 1990, 2000 and 2010 was collected from the Strategic Priority
Research Program-Climate Change: Carbon Budget and Related Issues from the Chinese
Academy of Science project [54]. The products used an object-oriented classification method
to produce the land cover for all of China every ten years at a 30 m resolution and achieved
over 90% accuracy on the first classes. The cropland type was extracted from the dataset for
the study area. For convenience, it was converted into grid data with a spatial resolution of
4 km using ArcGIS [55].

A digital elevation model (DEM) was used to calculate the decadal annual change in
ADAC for three topographic classes: the plain region (<200 m), hilly region (200-500 m)
and mountain region (>500 m).

The provincial area equipped for irrigation (AEI), the winter crop planting area and
the amount of agricultural irrigation water use data for the study area were acquired
from the China National Statistical Data Website (http:/ /data.stats.gov.cn, accessed on 1
February 2020). AEI or area percentage for irrigation (APEI) indicates the irrigation infras-
tructure development and is widely used to measure the capacity of drought mitigation for
cultivated land.

2.3. Methodology

Agricultural drought is defined as a shortage of soil water for crop growth, and, hence,
it adversely affects crop yield. It is related to climatic factors and regional agricultural
practices. Wu et al. (2020) proposed an index of agricultural drought-affected area change
(ADAC) to quantify the mitigation effect based on the difference between the percentages of
drought-affected area identified by the PDSI and VHI (Equation (1)). The PDSI is assumed
to be agricultural drought under natural conditions, the VHI is actual drought-triggered
vegetation stress and the differences between the PDSI- and VHI-defined areas represent
the mitigation achieved by agricultural practices, such as irrigation, mulching and crop
variety. The range of ADAC is 0-100%. The lower the ADAC is, the greater the drought
mitigation effect is, and vice versa.

PA(VHI; < B|PDSI; < ) — PA(PDSI; < o)

ADAC; = PA(PDSI; < «)

)

where i is the spring season from March to May, and it is the critical growing period of
winter wheat for the study area; « is the threshold parameter for judging drought by
the PDSI; and 3 is the threshold parameter for judging drought by the VHI. PA () is the
percentage of drought-affected area in the cropland in the unit. The values of o and {3 are
—1.0 and 0.45, respectively. Here, the minor difference in the ADAC calculation from the
original formula is that the agricultural drought-affected areas derived from the VHI in this
study are calculated when the PDSI is also lower than o to ensure that vegetation under
stress is caused by drought, not by other factors, such as plant diseases and insect pests.

2.4. Analysis

The Mann—Kendall (M-K) method has been widely used to identify varying trends in
hydrological and climatological time series data [46,56]. The main purpose of the M—K test
in this study is to investigate abrupt change in the 38-year ADAC data series.

A simple linear regression method was used to determine the change rates of the
ADAC and AEI at different phases with monotonic trends. The F-test was performed
to determine the significance of the fitting equation at a confidence interval of 95%. The
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Pearson correlation coefficient was used to investigate the relationships between the ADAC
and provincial irrigation infrastructure at different phases after the Shapiro-Wilk normality
test using SPSS software. A two-tailed significance test was applied to indicate a significant
correlation at a confidence interval of 95%.

3. Results
3.1. Inter-Annual Change in Agricultural Drought Affected Area Change

The average values of the ADAC in the whole study area over the past 38 years were
—61.5%. The average PDSI drought-affected area percentage of the total crop area was
52.1%, and the average VHI drought-affected area percentage was 30.1%. Agricultural
practices caused the agricultural drought-affected area to decrease with great gratitude. The
average drought-affected area percentages identified by the PDSI and VHI and the ADAC
values for the spring period (March-May) during 1981-2018 are presented in Figure 2.
The general weak increasing trends of the PDSI drought area percentage indicated that
agriculture faces increasing drought risks under natural conditions. Similar results have
also been presented in other studies [46,57]. However, the decreasing trends in the VHI
drought-affected area indicated that the agricultural drought risks decreased. This finding
was also confirmed by a study showing that no agricultural losses, but frequent droughts,
were observed in the NCP [58]. Thus, the ADAC presented general decreasing trends over
the past 38 years.

100% 0%

—-PDSI -=—VHI —ADAC

80% -20%
60% -40%
40% -60%
20% -80%
0% -100%

1980s 1990s 2000s 2010s

Figure 2. The decadal agricultural drought-affected area changes (ADAC) and drought-affected area
identified by the PDSI and VHI during the period of March-May in 1981-2018 over the study area.

The average ADAC values for Hebei, Henan and Shandong Provinces were —52.5%,
—68.8% and —63.2%, respectively. The annual change in ADAC in Henan Province had
a significant decreasing trend with an annual decline rate of —1.8% and generally weak
decreasing trends in Hebei and Shandong Provinces. As shown in Figure 3, it is obvious that
the fluctuating change in the decadal ADAC for Hebei and Shandong provinces decreased
from 1980s to the lowest point at 1990s (Hebei in 1997 and Shandong in 1998) and then
converted to an increase. However, the significant change in the ADAC in Henan Province
was attributed to the reverse trends of increasing PDSI drought areas to decreasing VHI
drought areas.
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Figure 3. The decadal agricultural drought affected area changes (ADAC) during the period of
March-May in the period of 1981-2018 for Hebei, Henan and Shandong Provinces.

3.2. Decade Changes in Agricultural Drought Affected Area Change

ADAC values were calculated every decade for three provinces (Table 1). The increase
in the PDSI drought area percentage by 7.2 and 1.5 percentage points from the 1980s to
2010s for Henan and Shandong Provinces indicated that drought risk increased under the
impact of climate change in the two provinces. However, the PDSI drought area percentage
decreased by 1.6 percentage points for Hebei Province. The actual agricultural drought area
percentage decreased by 7.9, 2.2 and 8.5 percentage points for Hebei, Henan and Shandong,
respectively. As a result, ADAC values decreased by 20.7, 54.3 and 20.9 percentage points
from the 1980s to 2010s.

Table 1. Decade drought area percentages from PDSI and VHI, and agricultural drought-affected
area changes (ADAC) during 1981-2018 for Hebei, Henan and Shandong Provinces.

. PDSI VHI ADAC
Province Hebei Henan Shandong Hebei Henan Shandong Hebei Henan Shandong
1980 55.2% 45.4% 63.5% 40.0% 30.4% 35.7% —26.1% —27.5% —40.3%
(1981-1990) . . . . . . . : .
19905 o, O, O, o, 0, O, o, O, O,
(1991-2000) 44.1% 34.6% 52.6% 29.4% 19.7% 25.3% —73.4% —70.0% —82.0%
2000s 51.4% 45.4% 61.9% 33.4% 28.8% 31.3% —59.2% —86.0% —66.7%
(2001-2010) . . . . . . . X .
20105 53.5% 52.5% 65.0% 32.2% 28.1% 27.3% —46.9% —81.8% —61.1%
(2011-2018) . . X . . . . . .
1981-2018 51.0% 44.5% 60.8% 33.8% 26.7% 29.9% —52.5% —68.8% —63.2%

The decadal changes in the ADAC among the three provinces are different. The
drops in ADAC in Hebei Province occurred from the 1980s to 1990s and then converted to
increases in the 1990s-2000s and 2000s-2010s. Similar changes were shown in Shandong
Province. The decreases in ADAC in Henan Province in the 1980s-1990s and 1990s-2000s
converted to increases between the 2000s and 2010s. Generally, a substantial decrease
in ADAC, with 47.3 percentage points for Hebei, 42.5 percentage points for Henan, and
41.8 percentage points for Shandong, occurred from the 1980s to 1990s. This implies that
agricultural activities in the 1990s had the most significant and effective impacts on drought
mitigation. Because the expansion of tube wells and use in agriculture began accelerating
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in the mid-1990s [59], the rapid development in irrigation infrastructure might be a critical
measure of drought mitigation and increasing yield.

3.3. The Topographic Influence on Changes of ADAC

The average decadal ADAC for three topographic classes in three provinces were
calculated (Table 2). The average drought area percentages of the PDSI and VHI in the plain
region accounted for approximately 92% and 93%, respectively. The changes in the average
decade ADAC in the plain region match well with those in all provinces. The changes in
the ADAC in the hilly region and mountain regions are different. For instance, the average
decade ADAC values increased from the 1980s to 2010s for Hebei and Shandong provinces
in the hilly region and for Hebei and Henan provinces in the mountain region. This result
indicated that the effective agricultural measures for drought mitigation during the 1990s
were mostly implemented in the plain region.

Table 2. Decade agricultural drought-affected area changes (ADAC) of three topographic classes
during 1981-2018 for Hebei, Henan and Shandong Provinces.

. ADAC
DEM Province Hebei Henan Shandong
1980s (1981-1990) —25.5% —27.0% —46.8%
1990s (1991-2000) —74.9% —74.1% —82.0%
<200 2000s (2001-2010) —59.2% —87.4% —67.0%
2010s (2011-2018) —49.7% —84.1% —62.2%
1981-2018 —53.4% —69.6% —65.9%
1980s (1981-1990) —35.0% —43.4% —50.7%
1990s (1991-2000) —63.0% —59.5% —71.9%
200-500 2000s (2001-2010) —58.5% ~73.3% —62.6%
2010s (2011-2018) —27.9% —45.9% —49.9%
1981-2018 —47.7% —57.7% —59.4%
1980s (1981-1990) —46.1% —43.1% -
1990s (1991-2000) —45.4% —67.6% -
>500 2000s (2001-2010) —58.4% —57.2% -
2010s (2011-2018) —44.5% —37.3% -
1981-2018 —49.1% —53.0% -

3.4. The Impact of APEI on Changes of ADAC

The Mann—Kendall method was applied to the 38-year ADAC data to identify the
timing of abrupt changes, which is important to investigate the changes in the contribution
rate of human activities. In HHSP, this was between 2000 and 2001. Thus, the entire
38-year period was divided into two periods according to the point of abrupt change: P1
(1981-2000) and P2 (2001-2018). Linear trend analysis showed that significant negative
trends of annual ADAC for three provinces occurred during P1, with an annual decline rate
of —4.34——3.95% (Table 3). However, the ADAC showed a weak decrease in Shandong
Province and increasing trends in Hebei and Henan Provinces during P2.

Table 3. Trend change rates of agricultural drought-affected area changes (ADAC) and Area Percent-
age Equipped for Irrigation (APEI) during different periods in Hebei, Henan and Shandong Provinces.

. ADAC APEI
Period Hebei Henan  Shandong Hebei Henan  Shandong
19812018 —0.83% —1.86%* —0.71% 0.34% * 0.68% * 0.11% *
1981-2000 (P1) —434%* —395%* —434%* 046%* 0.90% * 0.10% *
2001-2018 (P2) 0.65% 0.08% —0.18% 0.26% * 0.33% * 0.15% *

* denotes the significance at the 95% confidence level.
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The trend analysis of Area Percentage Equipped for Irrigation (APEI) showed that
the change in APEI for P1 and P2 both had significant increasing trends for the three
provinces (Table 3). It indicated that the areas equipped for irrigation gradually increased
due to continual government investments. The annual increase rates in P1 are higher than
those in P2 for Hebei and Henan Provinces. The increased rate of APEI was the lowest for
Shandong Province.

The relationships between ADAC and APEI need to be investigated individually for
P1 and P2 due to the variation differences. Significant correlations between the ADAC
and APEI in the three provinces occurred in P1. The Pearson correlation coefficients of
ADAC and APEI during the period of 1981-2000 for Hebei, Henan and Shandong Provinces
were 0.92, 0.73 and 0.67, respectively. The simple linear regression method was applied in
this period. The results showed that the changes in APEI in Hebei, Henan and Shandong
Provinces explained approximately 85.54%, 53.7% and 44.5% of the variation in the ADAC,
respectively (see Figure 4).

30% 40% 50% 60% 70% 80%
om
» Hebei

evet Hebei: y = -7.7849x + 3.0085

= Henan R*=0.8554
Henan: y = -4.0579x + 1.4856

2 =

Shandong R#=0.537
Shandong: y =-22.39x + 7.1316

R>=0.445

|

APEI

Figure 4. Scatter plots of the relationship between the agricultural drought-affected area changes
(ADAC) of crop land and Area Percentage Equipped for Irrigation (APEI) during the period of
1981-2000 for Hebei, Henan and Shandong Provinces.

However, there were lower correlations between the ADAC and APEI in 2001-2018,
even though the area equipped for irrigation increased significantly in P2 in the three
provinces. The winter crop planting area showed the downward trend due to the impacts
of market and water resources during this period. The expansion of the equipped irrigation
improved the capacity of irrigation security for other crops, such as maize, cotton, soybean
and vegetables. Therefore, the change of equipped irrigation area does not have obvious
positive effects on drought mitigation for the spring season during P2. The performance of
drought mitigation might be affected by the irrigated frequency and irrigated water amount
when the water resources are constrained. This was proved by the study of Yang et al.
(2016), who concluded that the change of irrigation times played a significant and positive
role in mitigating the adverse impacts of extreme drought events on wheat production
according to the survey data from 1663 wheat plots during 2012-2013 in North China
Plain [60].

PDSI had been widely applied to study the drought change under climate change [6,61].
Here, the average decade PDSI drought area percentages were analyzed. In Hebei Province,
the average PDSI values for drought-affected areas during the 1980s, 1990s, 2000s and
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2010s were —2.03, —2.48, —3.08 and —2.70, respectively. This result indicated that the
drought magnitude under natural conditions had increased since 1980, and the drought
severity grew rapidly during the 2000s. The average PDSI values for drought areas in
Henan Province decreased from —1.64 in the 1980s to —2.43 in the 1990s, increased to
—1.80 in the 2000s, and then dropped to —2.62 in the 2010s. The average PDSI values in
Shandong Province were relatively stable for four decades, with ranges of —2.19 and —2.61.
The drought severities in Henan and Shandong were highest in the last 10 years. Variations
in drought magnitude might affect the performance of drought mitigation. Lu et al. (2012)
analyzed the change in drought with PDSI on the North China Plain and found that the
frequencies of mild, moderate and severe drought decreased in the 1990s and increased
after 2000 [46]. The upward drought severities since 2000, particularly in extreme drought
conditions, required more water resources. Zhang et al. (2015) found that more irrigation
was applied in response to a one-unit reduction in PDSI, and resulted in a decrease in
the areas supplied by surface irrigation infrastructure [38]. Thus, the effect of irrigation
infrastructure was offset by decreasing irrigation water use due to a water deficit. This
could be one important reason for the weak correlations between APEI and ADAC change
during 2001-2018.

4. Discussion

The ADAC index based on remote sensing data was developed to quantify the mit-
igation effect based on the difference between the percentages of drought-affected area
identified by the PDSI and VHI [45]. The drought-affected area by PDSI describes the
soil moisture deficit caused by climate change, and it does not consider the impact of
agricultural practices. The VHI describes the actual agricultural drought. The difference
should reflect the changes in the contribution of anti-drought measures. The Pearson
Correlation analysis between seven impact factors with ADAC showed lower correlations
for rainfall (r = 0.263), temperature (r = —0.357), radiation (r = —0.345), agriculture water
use (r = —0.259), reservoir capacity (r = —0.157), and number of pumps for agricultural
water (r = —0.462) than Area Percentage Equipped for Irrigation (APEI). The results prove
that ADAC is an index to reflect the impacts of human activities. Additionally, the multiple
regression analysis results showed that only the linear function with APEI passed the
confidence testing. Therefore, the effects of irrigation factor on drought mitigation over a
long period were first investigated in the study area.

The ADAC analysis results show that significant increasing trends occurred in HHSP
during the critical season of winter wheat over the past 38 years. Human activities, particu-
larly irrigation, have an important role in coping with drought.

A significant increase in the change in ADAC values occurred in the period of
1981-2000 (P1). Such improvements coincided with a substantial establishment period
of irrigation infrastructure [62]. APEI changes were investigated and found to explain
49.2-89.7% of the variations in the ADAC in the cropland. Due to the rapid exploration of
groundwater for irrigation since the 1980s, farmers expanded the sown area of crops due
to the high irrigation water guarantee. The irrigation development is a predominant and
effective measure to combat drought events under the climate change without the limit of
water resources.

However, this trend was not maintained in the subsequent period of 2001-2018 (P2).
After the 2000s, the increasing drought severities, the decline of private tube wells, and
the requirement of ecological security caused the decrease of available water resources for
irrigation. Mo et al. (2017) concluded that the potential demand for wheat crop irrigation
water will increase under climate change projections and that the ability to expand irrigation
will be constrained by the availability of water resources [63]. The similar result was that
irrigation greatly reduced the drought risk of corn yields from 1958 to 1976, but this
advantage diminished due to the overexpansion of irrigation beyond what the water
availability in the Ogallala Aquifer in the U.S. could support [64]. Zhang et al. (2015) also
found drier climate leads to additional irrigation use but that it can be partially counteracted
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by greater-efficiency irrigation technology [38]. It was proved by the reduction of the winter
wheat crop area and decreasing rate of the expansion of irrigation infrastructure during
P2. It could be guessed that the increase AEI in P2 might play a role on the summer crops
growth, but not for winter wheat. Therefore, the expansion of irrigation infrastructure
must be consistent with the limit on available water resources [24,38,40]. On the other
hand, farmers’ activities in response to drought vary. For farmers who are able to apply
engineering measures, increasing the amount of irrigation water and the reliability of
irrigation water are adopted. After 2000, engineering measures were constrained due to
serious water resource shortages, particularly in severe drought years, and most farmers
preferred to adopt non-engineering measures, such as changing crop production inputs,
adjusting the seeding /harvesting date, increasing irrigation intensity, and changing crop
varieties [10,48,64]. Measures such as seed variety application and adjustment of production
inputs have been proven to contribute to drought mitigation [40]. Late seeding for winter
wheat has been suggested and applied in Nebraska [65]. The positive effect of irrigation
infrastructure can be discovered at a regional scale, but not for farmers’ behavior on
combating drought.

In this context, the positive effects of irrigation infrastructure during the winter wheat
growth period in the plain areas of the three provinces might reach a plateau due to serious
water resources shortages. Due to a lack of data of non-engineering measures, such as
increasing irrigation intensity, adjusting the seeding/harvesting date, and changing crop
varieties, this paper only examines the relations between the AEI and drought mitigation
index at the regional scale. Although the shares of other non-engineering measures on
drought mitigation cannot be quantitatively evaluated, we estimate that these measures
have played an important role in drought mitigation at a regional scale during the recent
twenty years based on the above analysis. The effects of other anti-drought measures need
to be further investigated.

Due to using the PDSI and VHI data with 4 km resolution, the methodology could be
expanded to assess the impacts of irrigation infrastructure on drought mitigation in global
agricultural areas. It can be also applied to assess the effects of farmers’ activities if the
drought information can be accessed at a fine resolution.

5. Conclusions

In this study, a new remote sensing-based drought mitigation index, ADAC, which
reflects the difference between the areas projected to be drought-affected based on climatic
data and the actual areas experiencing vegetative stress, was used to assess the evolution
of the effects of anti-drought measures at the regional scale. We analyzed the changes
in ADAC values in the three provinces in northern China over the past 38 years. The
impacts of area equipped for irrigation on changes in ADAC were investigated. Irrigation
played an active and positive role in drought mitigation for winter wheat in the plains
areas of three provinces during the 1980s and 1990s. However, the contribution of irrigation
infrastructure to drought mitigation has been greatly reduced since 2000. The effects of
non-engineering measures on the drought mitigation need to be further investigated in
the future. These findings are helpful to provide decision support for irrigation project
investment and drought adaptation management in northern China under climate change.
The appropriate application of ADAC can be expanded to all irrigated agricultural areas to
evaluate the contribution of historical irrigation development policies globally.
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