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Abstract: The extent of water deficit and drought loss mitigation, through human activities such as
defense, mitigation, and resistance to drought risk, is revealed by its effects on agriculture. To analyze
the distribution regularities of the effects of drought mitigation on agriculture and to provide better
insight on drought mitigation actions, an expectation index of drought mitigation effects (EDRE)
was formulated based on the definitions of the drought system. The crop yield when no drought
mitigation measures were implemented was calculated via tests and simulations, and expectations
of drought-related yield loss with and without drought mitigation measures (EDRL and EDRM,
respectively) were calculated in the drought loss risk assessment model. Then, a quantitative
assessment model for the effects of drought mitigation on regional agriculture was built. Using a case
study from the Huaibei Plain in the Anhui Province of China, it was found that drought mitigation
effects decrease gradually from North to South. Moreover, small values of drought mitigation effects
correspond to large EDRM and small EDRL values. It is necessary to urgently improve drought
mitigation measures in locations where EDRE is small and EDRL is large, or where EDRE is small and
EDRM is large. The main drought mitigation measures were identified through correlation analysis.
Additionally, the adaptation of drought mitigation measures to local conditions leads to a spatial
distribution regularity.

Keywords: drought mitigation effects assessment; crop yield loss rate; drought mitigation effects
expectation index; crop water production function; drought loss risk assessment; information
diffusion; Huaibei Plain in Anhui Province

1. Introduction

With global climate change and the intensification of human activities, the impact of droughts
worldwide is increasing [1,2]. Countries are increasingly concerned about food security and water
safety issues, making drought risk assessment and risk management research an important topic
of research in disaster science and water management [3], and a strategic shift from initial crisis
management to risk management has been achieved [4]. Drought mitigation is an important
part of the quantitative assessment of drought risk [5], while the effects of drought mitigation
are a concentrated expression of drought mitigation. Research on various drought mitigation
aspects provides an important empirical basis for countries to further strengthen the construction
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of water conservancy facilities [6]. Hence, many scholars have researched drought mitigation
measures, such as the adoption of certain methods of cultivation [7–9], soil treatments [10,11],
or crop treatments [12–17]. Some indicators were used to quantify the effects of drought mitigation,
such as leaves parameters [7,9–13,15–17], dry matter quality [7,12,14,17], plant height [10,12,17],
water content [9,13], and crop yield [7,8,11]. Sun et al. [10] comprehensively evaluated the effects
of drought mitigation measures to determine the best drought mitigation method. Chen et al. [6]
investigated drought mitigation measures in a total of seven provinces and cities in China, characterized
grain yield reduction as the drought mitigation effect, established the econometric model of drought
mitigation effects of farmland water conservancy facilities, and calculated the regression relationship
between grain yield reduction and drought mitigation factors. On this basis, the effects of different
drought mitigation measures were analyzed according to the regression coefficients of drought
mitigation measures.

While the role of drought mitigation measures has been widely researched by government
departments and scholars, and the effects of different drought mitigation measures have been analyzed
using experimental or survey data [6], little attention has been paid to quantifying the drought
mitigation effects in different regions and analyzing regional differences. To evaluate regional
variations in drought mitigation effects and reasonably distribute investments for inter-regional
agricultural drought mitigation, this study defined the expectation index of drought mitigation
effects based on existing research and the shortcomings of comprehensive drought mitigation,
to quantitatively evaluate the effects of agricultural drought mitigation. Next, an assessment model
for regional drought mitigation effects, based on the experiment and simulation, was developed
and applied to a case study site in China to provide a theoretical basis for regional drought
mitigation measures.

2. Materials and Methods

Based on the principle of water balance, the actual evapotranspiration of crops under no drought
mitigation measures was calculated. Crop yield was calculated according to the crop water production
function, determined by the experimental data. Furthermore, a quantitative analysis of the risk of
drought loss was carried out using the yield with and without drought mitigation measures. On this
basis, the distribution of the effects of agricultural drought mitigation in each region was calculated.

2.1. Study Area and Data

The chosen study area was the Huaibei Plain in the Anhui Province (hereafter referred to as
the study site), located North of the Huaihe River in China. This site belongs to the mid-latitude
zone of Eastern China (see Figure 1). Agricultural development in this area is very important to the
local economy and food security, as it belongs to a rich light resource field, with 2200–2450 sunshine
hours annually. This situation contributes to optimal growth conditions for local crops: The Huaibei
Plain provides a key commodity grain base in China, particularly that of winter wheat, which is the
most commonly grown crop. However, droughts are relatively prominent natural disasters in this
region and can severely impact local agricultural production and development [18,19]. Furthermore,
considering that winter wheat is usually sown in October and harvested in May of the following
year, the growing period for this crop is during the non-rainy season, making its cultivation more
prone to drought risk. Therefore, winter wheat in the study site was used as an example for this study.
In 1976–1978, 1985–1986, 1988–1989, 1991–1992, 1994, 1997, and 1999–2001, the drought area exceeded
25% of the total agricultural acreage. Such high frequency of droughts highlights the urgency to
assess local drought mitigation effects, provide guidance for regional drought mitigation engineering
planning, and reduce the adverse effects of drought on the local agriculture.
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Figure 1. Administrative division map of the Huaibei Plain in the Anhui Province of China. 

Data: (a) The meteorological data collected were daily rainfall, maximum and minimum 
temperature, relative humidity, average wind speed, and sunshine hours at five stations in Suzhou, 
Bozhou, Dangshan, Bengbu, and Fuyang from 1975 to 2007. The location of each station is shown in 
Figure 1. Data were obtained from the China Meteorological Data Service Center and reports from 
the Anhui and Huaihe River Institute of Hydraulic Research. To deal with uncertainty caused by 
using different data, time series of meteorological data were tested using the homogeneity test based 
on observation data and the t-test. The data passed the homogeneity test and its quality was 
considered reliable; and (b) the groundwater depth data recorded from 1975 to 2007 were obtained 
from reports of the Anhui and Huaihe River Institute of Hydraulic Research. 

2.2. Simulation-Based Potential Evapotranspiration of Crops and Groundwater Use without Drought 
Mitigation Measures 

Crop potential evapotranspiration is defined as the transpiration of crops under sufficient irrigation 
conditions and can be obtained through multiplying reference crop evapotranspiration ET0 [20] by crop 
coefficients Kc. Additionally, groundwater utilization refers to the amount of water [21] that is 
transported from the phreatic groundwater to the unsaturated zone under the crop growth condition, 
namely the phreatic evaporation [22], some of which is used for crop transpiration and some of which 
evaporates between crops. Based on the most widely used Aviriyanov formula [23], the following 
formula (1) was used to calculate the groundwater utilization of the crop. Next, according to the 
relevant test data, the formula parameters for crop groundwater use were calibrated using the 
Accelerated Genetic Algorithm (AGA) and the groundwater use formula was obtained: 
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the i-th time unit (m); Hmax is the groundwater depth where the utilization amount of crop 
groundwater is 0, and 3 m is selected as Hmax in the study site; and n is the empirical constant, 
calibrated by AGA using experimental data. 

2.3. Simulation-Based Actual Evapotranspiration of Crops without Drought Mitigation Measures  

Based on potential evapotranspiration and groundwater use, the actual evapotranspiration of 
crops without drought mitigation measures was calculated. Actual crop evapotranspiration refers to 
the crop evapotranspiration influenced by actual soil water content and can be calculated using the 
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Figure 1. Administrative division map of the Huaibei Plain in the Anhui Province of China.

Data: (a) The meteorological data collected were daily rainfall, maximum and minimum
temperature, relative humidity, average wind speed, and sunshine hours at five stations in Suzhou,
Bozhou, Dangshan, Bengbu, and Fuyang from 1975 to 2007. The location of each station is shown in
Figure 1. Data were obtained from the China Meteorological Data Service Center and reports from the
Anhui and Huaihe River Institute of Hydraulic Research. To deal with uncertainty caused by using
different data, time series of meteorological data were tested using the homogeneity test based on
observation data and the t-test. The data passed the homogeneity test and its quality was considered
reliable; and (b) the groundwater depth data recorded from 1975 to 2007 were obtained from reports of
the Anhui and Huaihe River Institute of Hydraulic Research.

2.2. Simulation-Based Potential Evapotranspiration of Crops and Groundwater Use without Drought
Mitigation Measures

Crop potential evapotranspiration is defined as the transpiration of crops under sufficient
irrigation conditions and can be obtained through multiplying reference crop evapotranspiration
ET0 [20] by crop coefficients Kc. Additionally, groundwater utilization refers to the amount of water [21]
that is transported from the phreatic groundwater to the unsaturated zone under the crop growth
condition, namely the phreatic evaporation [22], some of which is used for crop transpiration and
some of which evaporates between crops. Based on the most widely used Aviriyanov formula [23],
the following formula (1) was used to calculate the groundwater utilization of the crop. Next, according
to the relevant test data, the formula parameters for crop groundwater use were calibrated using the
Accelerated Genetic Algorithm (AGA) and the groundwater use formula was obtained:

Eg,i = ETc,i

(
1− Hi

Hmax

)n
(1)

where Eg,i is the amount of groundwater used in the i-th time unit (mm/d); ETc,i is the actual
evapotranspiration of crops in the i-th time unit (mm/d); Hi is the groundwater depth of the crops in the
i-th time unit (m); Hmax is the groundwater depth where the utilization amount of crop groundwater
is 0, and 3 m is selected as Hmax in the study site; and n is the empirical constant, calibrated by AGA
using experimental data.

2.3. Simulation-Based Actual Evapotranspiration of Crops without Drought Mitigation Measures

Based on potential evapotranspiration and groundwater use, the actual evapotranspiration of
crops without drought mitigation measures was calculated. Actual crop evapotranspiration refers to
the crop evapotranspiration influenced by actual soil water content and can be calculated using the
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crop water demand ETct, based on the water balance principle. When the soil water content of crops
is low, the actual crop water demand ETct decreases. The actual water requirement ETct,i for the i-th
period was calculated as follows [24]:

ETct,i =


ETcp,i 0.75 ≤ ri ≤ 1.00

0.80ETcp,i 0.50 ≤ ri < 0.75

0.35ETcp,i sd ≤ ri < 0.50

0.00 0.00 ≤ ri < sd

(2)

where ETct,i is the potential evapotranspiration of the crop calculated by the Penman formula in the
i-th period under the full irrigation condition (mm/d); sd is the wilting moisture content; and ri is the
ratio of soil water content to field water-holding capacity in the i-th period:

ri =
si
ss

(3)

where si is the soil moisture content at the initial time in the i-th period (mm); and ss is the field
capacity (mm).

When the actual water requirement ETct,i of the crop is large, the crop absorbs water from
groundwater, daily rainfall, and soil water. When the soil water content becomes lower than the
wilting moisture content sd, the crop would no longer absorb water from the soil [25]. Therefore,
the crop actual evapotranspiration ETc,i was calculated as below [26]:

ETc,i =

{
ETct,i

Eg,i + Pi + (si − sd)

ETct,i < Pi + (si − sd) + Eg,i
ETct,i ≥ Pi + (si − sd) + Eg,i

(4)

where ETc,i is the crop actual evapotranspiration for the i-th period (mm/d); Pi is the rainfall of the i-th
period (mm/d); and sd is the wilting moisture content (mm).

Based on the principle of water balance, the soil water content of a particular crop at the end
of the period is the initial soil water content minus the amount of water consumed by crop growth
plus the amount of rainfall, but the soil moisture content has a threshold, with upper and lower limits.
Hence, if it exceeds the limits, it would remain at the critical level, and the detailed calculation method
is shown below [25]:

si+1 =



si + Pi ETc,i ≤ Eg,i, si + Pi < ss

ss
ETc,i ≤ Eg,i, si + Pi ≥ ss

or ETc,i > Eg,i, si + Pi − (ETc,i − Eg,i) ≥ ss

si + Pi − (ETc,i − Eg,i) ETc,i > Eg,i, sd < si + Pi − (ETc,i − Eg,i) < ss

sd ETc,i > Eg,i, si + Pi − (ETc,i − Eg,i) ≤ sd

(5)

where si+1 is the initial soil water content at the i + 1 period (mm).

2.4. Construction of Crop Water Production Function Based on the Experiment

The crop water production function refers to the functional relationship between crop actual
evapotranspiration and crop yield. The Jensen model, with an extensive application, was used to
establish the crop water production function [27]:

y
ym

=
J

∏
j=1

(
ETc,j

ETm,j

)λj

(6)
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where y is the actual yield of crops (kg/hm2); ym is the crops potential production (kg/hm2); j is the
j-th growth period of crops (j = 1, 2, . . . , J); ETc,j is the daily average actual evapotranspiration of crops
at the j-th growth period (mm/d); ETm,j is the daily potential evapotranspiration of crops at the j-th
growth period (mm/d); λj is the water deficiency sensitive index of crops at the j-th growth period,
showing the influence of the water deficiency of the j-th growth period on the production; and λj is
calibrated using the experimental data.

By designing the experiment, y, ym, ETc,j,k, and ETm,j,k can be calculated in multiple experimental
schemes, and the water deficiency sensitive index λj during all crop growth periods can be calibrated
using AGA. The sum of the calculation error in the different experimental schemes was considered to
be the objective function:

S =
K

∑
k=1

 J

∏
j=1

(
ETc,j,k

ETm,j,k

)λj

− yk
ym

2

(7)

where S is the objective function; ETc,j,k, ETm,j,k is the daily average actual evapotranspiration and
daily average potential evapotranspiration at the j-th growth period in the k-th scheme, respectively,
(mm/d); yk is the actual production of crops in the k-th scheme (kg/hm2); and K is the total amount of
experiment schemes. The lower the objective function, the better the calibration effect.

Using the water deficiency sensitive index λ1, λ2, . . . , λj in each growth period as the optimization
variables, the constraint condition was set according to the general value range of the water deficiency
sensitive index [27], the formula (7) was considered to be the objective function, and the water
deficiency sensitive index in each growth period could be obtained using AGA.

To quantitatively analyze the effects of agricultural drought mitigation, crop yield reduction and
drought loss risk with and without drought mitigation measures (EDRM and EDRL, respectively)
need to be calculated, and the effects of agricultural drought mitigation can be obtained through the
comparison of results in both conditions.

2.5. Quantitative Assessment Model of Drought Loss Risk

Crop production was calculated according to the water production function without drought
mitigation measures. Next, the crop yield reduction rate xi of the i-th year for drought was computed:

xi =

0 ym−yi
ym

< 0
ym−yi

ym

ym−yi
ym
≥ 0

(8)

The information diffusion based on AGA and the cross-validation was used to calculate the EDRL
in the study area [28], and the quantitative assessment model of drought loss risk was built [29]. There
are two steps in this assessment model, the first step is to calculate a diffusion coefficient:

min CV(h)
hmin ≤ h ≤ hmax

}
(9)

CV(h) =
∫ b0

a0

f̂ 2(x)dx− 2
n

n

∑
i=1

f̂ (i)(xi) (10)

f̂ (x) =
1√

2πnh

n

∑
j=1

exp

[
−
(x− xj)

2

2h2

]
(11)

f̂ (i)(xi) =
1√

2πnh

n

∑
j = 1
j 6= i

exp

[
−
(xi − xj)

2

2h2

]
(12)
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where h is the optimization variable; [hmin, hmax] is the variation range of h; n is the number of samples;
f̂ (x) is the estimated probability density at the point of x; a0 is the minimum of samples data range;
b0 is the maximum of samples data range; and f̂ (i)(xi) is the estimated probability density at the point
of xi without using the point xi information.

Further, the second step is to calculate the EDRL:

(a) Determine the universe of the crop yield reduction rate:

U =
{

u1, u2, · · · uj, · · · um
}

(13)

where uj is the number in the universe.

(b) Calculate the estimated probability density at the uj:

fi(uj) =
1√
2πh

exp

[
−
(uj − xi)

2

2h2

]
(14)

(c) Let:

Ci =
m

∑
j=1

fi(uj) (15)

Then, the membership function of the fuzzy subset is:

µi(uj) =
fi(uj)

Ci
(16)

(d) Let:

q(uj) =
n

∑
i=1

µi(uj) (17)

Q =
m

∑
j=1

q(uj) (18)

The frequency of all samples with the crop yield reduction rate of uj is:

p(uj) =
q(uj)

Q
(19)

EDRL was then calculated according to the following formula [30]:

EDRL =
∫ 1

0
x f (x)dx ≈

m

∑
j=1

uj p(uj) (20)

where x is the rate of yield reduction due to drought; f (x) is the probability density at x; and uj is the
j-th point in the domain (j = 1, 2, . . . , m); and p(uj) is the frequency value of the sample point falling
at uj.

In the calculation of crop drought loss risk, drought mitigation engineering measures such as
actual water conservancy conditions and other non-engineering measures would influence drought
loss. Therefore, the method of linear sliding average [28], combined with crop actual yields from the
yearbook, was used to calculate the actual crop yield reduction rate. However, the factors influencing
the actual yield reduction rate include not only drought, but also flood disaster. It is necessary to
determine if the particular year was a drought year. If the year did not include a drought, the drought
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reduction rate is 0. Therefore, the calculation method of the crop drought reduction rate xa(i) under
actual prevention measures on the i-th year is [31]:

xa(i) =

0
s f

sd+s f
≥ 20%

max(−xq(i), 0)
s f

sd+s f
< 20%

(21)

where sf is the inundated area from flood disaster in the i-th year (hm2); sd is the area affected by
drought in the i-th year (hm2); and xq(i) is the relative meteorological yield in the i-th year.

Combined with the drought-related yield loss rate xa(1), xa(2), . . . , xa(n), the frequency of different
crop yield reduction rate and the EDRM can be calculated based on the information diffusion of
cross-validation [28] in the study area.

2.6. Quantitative Assessment Model of Field Agricultural Drought Mitigation Effects

Droughts are typically complex systems [32], including the interaction of disaster-inducing
factors, disaster-bearing bodies, disaster prevention and mitigation measures (drought mitigation),
and disaster-stricken environments, which cause drought loss. Drought-resistant effects are the
concentrated reflection of drought-resistant abilities, which refer to the role of various human activities
to prevent, mitigate, and resist the effects of drought in a specific area [6,33]. In 1995, Li et al. [34] tried
to calculate the difference of actual yield and natural yield as the increased yield for drought mitigation.
While this was not regarded as an evaluation index for the drought mitigation effect, we can still
draw from this paper [34]. From their definition of drought mitigation effects, under a certain drought
loss risk, the amount of the drought loss recovered by drought mitigation measures can be regarded
as a measure of drought mitigation effects [6–8,11]. Combined with the definition of the drought
system [32], when calculating the drought loss prevented by mitigation measures, the drought losses
caused by the interaction of disaster-inducing factors, disaster-bearing bodies, and the environment
of disaster-prevention can be first calculated; that is, drought loss without drought measures can be
determined. Next, we added the impact of drought mitigation measures to calculate drought losses
caused by the interaction of disaster-inducing factors, disaster-stricken bodies, disaster prevention and
mitigation measures, and disaster-stricken environment; that is, drought losses under actual drought
mitigation measures were determined. The difference between the two drought losses is just the
drought loss prevented by drought mitigation measures. Therefore, the drought mitigation effect can
be defined as:

xR,i = xN,i − xA,i (22)

where xR,i is the drought mitigation effect index under a certain drought loss risk on the i-th field,
the amount of drought loss that mitigation measures can recover under a certain drought loss risk;
xN,i is the drought loss without drought mitigation measures under a certain drought loss risk on the
i-th field; and xA,i is the drought loss through the intervention of mitigation measures under a certain
risk of drought loss on the i-th field.

Considering that the expected loss can be considered as a measure of risk [30], in order to quantify
drought losses recovered by mitigation measures under different drought loss risks, and to facilitate
the comparison of drought mitigation effects among regions, the expected value of drought mitigation
effects index (EDRE) can be viewed as a measure of regional drought mitigation effects:

ExR,i = E(xN,i − xA,i) = ExN,i − ExA,i (23)

where ExR,i is the EDRE on the i-th field, and the expected amount of drought loss that mitigation
measures can recover; ExN,i is the expectation of drought loss without mitigation measures on the i-th
field; and ExA,i is the expectation of drought loss under the actual mitigation measures on the i-th
field. Crop drought loss is always measured according to the drought-related yield loss. Therefore,
ExN,i is the EDRL on the i-th field, which can be calculated using formula (20), and ExA,i is the EDRM
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on the i-th field. The EDRE was used to assess the distribution pattern of the agricultural drought
mitigation effects in each field, and the quantitative assessment model of the regional agricultural
drought mitigation effects was built. The EDRE is an effect index for all the drought mitigation
measures, not an index for a unit measure.

3. Results

3.1. Actual Evapotranspiration Calculation of Wheat Based on the Simulation

According to Formulas (2)–(5), the principle of water balance was used to compute the actual
evapotranspiration of wheat. The detailed calculation steps are:

(a) The potential evapotranspiration ETcp and groundwater utilization Eg of wheat were calculated
every ten days.

(b) The actual water demand ETct,1 of wheat in the first ten days was calculated. According to the
potential evapotranspiration ETcp,1 and the ratio r1 of the initial soil water content and the field
capacity, ETct,1 was computed and combined with formula (2) in each region. Due to the limited
data, initial r1 is 75%.

(c) The actual evapotranspiration ETc,1 of wheat was calculated in the first ten days. P1, Eg,1, ETct,1,
and s1 were substituted into formula (4) to calculate ETc,1, where s1 was calculated according to
the initial r1 of 75%; soil moisture content of the field capacity is found to be 28% in the Huaibei
Plain. Soil water content at a depth of 40 cm was generally considered to be the amount of water
that can be absorbed by the crop. The surface soil bulk density in the Huaibei Plain is 1.4 g/cm3.
The soil water content per unit area is:

s1 = 40 × 1.4 × 0.28 × 0.75 × 10 = 117.6 mm

According to Reference [35], the wilting moisture content of the soil in sandy soil is 0.0063 kg/kg.
Therefore, the wilting moisture content sd per unit area is:

sd = 40 × 1.4 × 0.0063 × 10 = 3.5 mm

(d) The initial soil water content s2 of the next ten-day period was calculated. s1, P1, ETc,1, and Eg,1
were substituted in Formula (5) to calculate s2:

s2 = 40 × 1.4 × 0.28 × 10 = 156.8 mm

(e) Steps (b)–(d) were repeated to calculate the actual evapotranspiration ETc of wheat every ten days.

3.2. Building the Crop-Water Production Function Based on the Experiments

3.2.1. Experimental Design

In order to analyze the relationship between evapotranspiration and yield in different growth
periods for wheat, crop experiments were carried out in pits at the Xinmaqiao Experiment Station
in Huaibei plain in 2011. Control factors were soil moisture and growth stages, where the soil water
content control was set as three sections: Light, middle, and heavy drought. The growth stages were
divided into the tillering stage, jointing stage, heading stage, and milk-ripe stage. Different treatment
samples were treated with different soil moisture lower limits at different growth stages and were
finally grouped, as shown in Table 1.
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Table 1. Different treatment schemes for wheat drought experiments at Xinmaqiao test station.

Treatment
Number

Test Pit
Number

The Lower Limit of Soil Moisture at Each Growth Stage
RemarksTillering

Stage
Jointing

Stage
Heading

Stage
Milk-Ripe

Stage

A X3, X5, Z3, S3 65% 70% 70% 65% No drought treatment.

B X1, Z1 50% 70% 70% 65% Light drought in the tillering stage
C X2, X18, S2 40% 70% 70% 65% Middle drought in the tillering stage
D X11, Z2 30% 70% 70% 65% Severe drought in the tillering stage
E X10, Z4 65% 55% 70% 65% Light drought in the jointing stage
F X4, X9, S5 65% 45% 70% 65% Middle drought in the jointing stage
G X12, S7 65% 35% 70% 65% Severe drought in the jointing stage
H X7, S6 65% 70% 55% 65% Light drought in the heading stage
I X6, X17, Z5 65% 70% 45% 65% Middle drought in the heading stage
J X14, S8 65% 70% 35% 65% Severe drought in the heading stage
K X13, S4 65% 70% 70% 50% Light drought in the milk-ripe stage
L X8, X15, Z6 65% 70% 70% 40% Middle drought in the milk-ripe stage
M X16, S1 65% 70% 70% 30% Severe drought in the milk-ripe stage

3.2.2. Experimental Process

The samples were treated by the same fertilization, weeding, and spraying pesticide, considering
the same lower limit of soil moisture at the seedling stage. Starting from the tillering stage, different
treatment groups were processed with different lower limits of soil moisture (shown in Table 1). Soil
moisture content was measured every ten days or so, and irrigation was carried out according to the
control conditions set by the test. Additionally, daily measurements included meteorological data such
as sunshine hours, precipitation, relative humidity, average wind speed, and maximum and minimum
air temperature. After the wheat harvest on 31 May, wheat grain amount was calculated to determine
the yield of each pit.

3.2.3. Test Data Processing

Throughout the experiment, the soil moisture content, rainfall, irrigation water volume, and
drainage water volume were obtained from the measuring pits for every growth stage. According to
the “Irrigation experiment standard” [36], the actual evapotranspiration ETa,i of the i-th growth period
was calculated:

ETa,i = 10
J

∑
j=1

γj Hj(Wj1 −Wj2) + M + P + K− C (24)

where j is the soil layer number, and J is the total amounts of soil layers, and γj is the volume-weight of
the j-th soil layer (g/cm3); Hj is the thickness of the j-th soil layer (cm); Wj1 is the soil moisture content
of the j-th soil layer at the beginning of one period; Wj2 is the soil moisture content of the j-th soil layer
at the end of the period; M is the irrigation water volume within the period (mm); P is the precipitation
within the period (mm); K is the groundwater use (mm); and C is the drainage water volume (mm).
Actual evapotranspiration in the first treatment is also the maximum evapotranspiration under an
adequate water supply. Therefore, it is considered to be the potential evapotranspiration ETm,i for the
i-th growth period of the crop.

3.2.4. Parameters Calibration of Water Production Function Based on the AGA

According to the data obtained in China, the general range [27] of the water scarcity sensitivity
index of wheat is:

0.02 < λj < 0.48(j = 1, 2, 3, 4) (25)

Combined with the collected data, the AGA was used to calibrate λj in the water production
function with an objective function of Formula (7). The results are shown in Table 2.
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Table 2. The water scarcity sensitivity index λj calibrated by the different methods for different growth
periods in the study site.

Methods
The Water Scarcity Sensitivity Index λj Correlation

Coefficient RTillering
Stage

Jointing
Stage

Heading
Stage

Milk-Ripe
Stage

Accelerating Genetic Algorithm 0.163 0.023 0.341 0.108 0.920
Reference [37] 0.169 0.018 0.340 0.110 0.846

According to the optimized results shown in Table 2, the water production function of wheat
yield was obtained:

Y
Ym

=

(
ETa,1

ETm,1

)0.163( ETa,2

ETm,2

)0.023( ETa,3

ETm,3

)0.341( ETa,4

ETm,4

)0.108
(26)

Compared with the results of the relevant Reference [37] (shown in Table 2), the calculation results
in this study are more appropriate. The correlation coefficient R is larger than that of Reference [37],
which shows that the results calibrated by AGA have higher accuracy.

3.3. Quantitative Assessment of Drought Loss Risk of the Study Site

3.3.1. EDRL Distribution of the Study Site

According to the wheat water production function in the study site (Formula (26)), combined with
the potential and actual evapotranspiration of wheat, the yield of wheat in the region from 1976–2007
was simulated with no drought mitigation measures. Drought-related yield loss rate in each year was
calculated using the linear sliding average method [29], and is shown in Figure 2.
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Figure 2. Drought-related yield loss rate of wheat in the study site, without drought mitigation
measures and from 1976 to 2007.

According to the drought loss risk assessment model based on cross-validation and the
information diffusion method, the frequency distribution of drought-related yield loss rate of wheat
could be obtained. The mean drought-related yield loss rate in each field was calculated using
Formula (20).
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3.3.2. Data Interpolation

In each grid of the Huaibei plain, the inverse distance-weighting method (IDW) was used to
estimate the EDRL based on data from each station. According to the similarity principle, inverse
distance weighting means that the smaller the distance between the interpolated point and the stations,
the larger the weight is. The interpolated results could be obtained through the weighted calculation:

Z(xo) =
n
∑

i=1
wiZ(xi)

wi =
d−p

io
n
∑

j=1
d−p

jo

(27)

where Z(xo) is the interpolation result of the calculated point xo; Z(xi) is the station data in the point xi;
wi is the interpolation weight of the known point xi; dio is the distance between points xo and xi; and p
is the power parameter, which can be optimally estimated by obtaining the lowest root-mean-square
error (RMSE) between the interpolation results and station data.

To illustrate the rationality of data interpolation, the accuracy of IDW with different observation
densities was analyzed (shown in Figure 3) [38]. In this study, the average area controlled by a single
station (CA) was 7.5 × 103 km2 per gauge and the correlation coefficients (CC) is 0.81 > 0.8 (indicating
a high correlation) according to Figure 3. Compared with the Tropical Rainfall Measuring Mission
(TRMM) Multi-Satellite Precipitation Analysis (TMPA) [39–41] error, the error in CC is 0.67, smaller
than the value obtained by the IDW method. Moreover, the RMSE of IDW is also smaller than the
TMPA error under the network density of 7.5 × 103 km2 per gauge. These results indicate that it was
appropriate to conduct data interpolation using the data for five stations in this study.
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Figure 3. Correlation coefficients (CC) (a) and root-mean-square errors (RMSE) (b) of the standard
data and two precipitation products (the inverse distance weight method (IDW) and Tropical Rainfall
Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA)) for different average areas
controlled by a single station. CA in the figure means the average area controlled by a single station.

3.3.3. EDRM Distribution of the Study Site

The data of wheat yield in each county of the study site was collected from the drought mitigation
plan and “Anhui Statistical Yearbook” [42]. The drought loss risk assessment was carried out in
combination with the drought loss risk assessment model based on cross-validation and the information
diffusion method; distribution diagrams of EDRM are shown in Figure 4b.
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Figure 4. The drought-related yield loss rate expectation distribution of wheat (a) without drought
mitigation measures (EDRL) and (b) under actual drought mitigation measures (EDRM); and (c) the
expectation distribution of the drought mitigation effects index (EDRE).
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3.4. Quantitative Assessment of Drought Mitigation Effects in the Study Site

According to the quantitative assessment model of field agricultural drought mitigation effects,
the corresponding value of each point in the distribution diagram of EDRL in the study site minus
EDRM (Figure 4b) based on Formula (23) is the EDRE in the distribution diagram of Figure 4c.

From Figure 4c, the low value of EDRE is concentrated on Huainan City and the eastern area of
Fuyang City, and the farther the surrounding area is from the center, the higher the EDRE is. Areas
with high EDRE are concentrated on Huaibei City and the Western area of Suzhou City, and the farther
the surrounding area is from the center, the lower the EDRE is. In general, EDRE is higher in the
Northern part of the study site, and lower in the Southern part.

4. Discussion

Through observation, it was found that the distribution of EDRL is very similar to that of EDRE.
It can be seen from formula (23) that the EDRE is the difference between the EDRL and the EDRM, as
ExA,i ≥ 0, ExR,i ≤ ExN,i. Accordingly, this unequal relationship makes the distribution of the EDRL
impact EDRE distribution, thereby producing a very similar distribution pattern that is shown in
Figure 4a,c. The drought mitigation effects refer to the effects of human mitigation to reduce losses
caused by drought disasters. Therefore, the expected value ExR,i of the recovered loss of drought
mitigation measures cannot be larger than the expected value ExN,i of drought loss without drought
mitigation measures. This, in itself, has a certain rationality, because it is not necessary to plan several
drought mitigation measures if the drought loss without those measures is small, and the fewer the
drought mitigation measures are, the lower EDRE is. Therefore, when the EDRL is small, EDRE is also
small, which shows the rationality of the measurement method of the drought mitigation effects and
the consistency of the definition of the drought mitigation effect.

Figure 5 was obtained through partition statistics. As shown in Figure 5, the EDRE of Huainan is
the smallest and that of Huaibei is the largest of the five cities. The EDREs of Suzhou and Bozhou are
larger than the mean EDRE in the five cities. The EDREs of Bengbu and Fuyang are smaller than the
mean EDRE in the five cities. To analyze the cause of this result and illustrate its rationality from the
perspective of the calculation process, the small EDRE was determined to have been caused by the
large EDRM and the small EDRL. From Figure 5, and by comparing Figure 4a,b, we can highlight why
EDRE is highest in Huaibei: the EDRL in Huaibei City is the highest of the six cities in the Huaibei
Plain, while its EDRM is the smallest. Likewise, the main reason for the high EDRE in Bozhou City
and Suzhou City is the high EDRL. This is because, when EDRM is fixed, a larger EDRL will lead to a
larger expectation of drought loss recovery due to drought mitigation measures, which in turn leads to
a larger drought mitigation effect. Additionally, a low EDRL is the main cause for the low EDRE in
Bengbu City and Fuyang City, as the EDRL in those cities is smaller than the mean EDRL of the study
site. Meanwhile, the small EDRL and the largest EDRM in the study site are responsible for the lowest
EDRE of Huainan City.

In general, when EDRL for a specific location is lower than the mean EDRL in the study site, a low
drought mitigation effect is seen, suggesting that local drought mitigation measures do not need to be
urgently increased. It is therefore necessary to identify areas where drought mitigation measures need
to be increased by examining the reasons for the low drought mitigation effects.

Areas with large EDRL should not have small drought mitigation effect. Meanwhile, areas with
small EDRL can have small drought mitigation effects but should not have large EDRM. Therefore,
it is necessary to increase drought mitigation measures in two types of areas: (1) Areas where EDRE is
low and EDRL is large, such as in the East of Bozhou City. In this area, EDRE is lower than the mean
EDRE for the study site and EDRL is larger than the mean EDRL for the study site. Therefore, the area
east of Bozhou City belongs to the first class of areas in which drought mitigation measures need to be
increased urgently. The West of Bozhou City also belongs to this first class; and (2) the second class
includes areas where the value of EDRE is low, EDRL is small but EDRM is large, such as in the west
of Huainan City. This area has the lowest EDRE in the study site, and although EDRL is lower than the
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mean EDRL of the study site, the EDRM is the largest in the entire study area. Therefore, the area West
of Huainan City belongs to the second class of areas in which drought mitigation measures should be
increased urgently. The results of this calculation are helpful to guide farmland investments objectively,
as well as providing a reference for the identification of key areas for drought mitigation and the
allocation of drought mitigation investment in the Anhui province.Water 2019, 11, x FOR PEER REVIEW 14 of 18 
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Figure 5. The expectation of drought-related yield loss rate without drought mitigation measures and
under actual drought mitigation measures (EDRL and EDRM, respectively) and the drought mitigation
effects expectation index (EDRE) in the study site.

In order to formulate specific drought mitigation measures from the factors found to influence
drought mitigation effects, the CCs (R) between the index values of different influencing factors
and local EDRE were calculated. Table 3 shows that the proportion of dry crops is the factor most
closely correlated with local EDRE (R = 0.90), followed by temperature (R = −0.85), the proportion of
water-saving irrigation area (R = 0.71), and lastly, mean annual precipitation (R = 0.64). According to
the statistical theory [43], the first two factors are highly correlated with the EDRE, and the last two
factors are also significantly correlated with the EDRE. Therefore, these four factors were identified as
having the greatest influence on the effects of local drought mitigation, can be used to examine the
reasons behind low drought mitigation effects on regional agriculture, and give concrete suggestions
for drought mitigation measures. For example, as shown in Table 3, the EDRE of Huainan City is small,
which may be related to the lower proportion of dry crops and of the water-saving irrigation area.
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Table 3. Correlations between expectation of drought mitigation effects (EDRE) and its influencing
factors in the study site.

Index Fuyang
City

Bozhou
City

Suzhou
City

Huaibei
City

Bengbu
City

Huainan
City

Correlation
Coefficients

of EDRE

EDRE (%) 4.8 5.2 5.8 6.7 5.0 2.5 1.00
Dry crop proportion 0.91 0.99 0.97 0.99 0.70 0.34 0.90

Average temperature (◦C) 15.70 15.54 15.80 15.59 16.16 16.75 −0.85
The proportion of water-saving

irrigation area 0.15 0.13 0.20 0.15 0.03 0.02 0.71

Mean annual precipitation (mm) 967.77 912.41 880.71 883.55 1028.91 987.85 −0.64

According to Figure 4a and Table 3, Huaibei City and Bozhou City have a severely low EDRL and
both have a very high proportion of dry crops (0.99). Bengbu City and Huainan City also have a low
EDRL and both have a high proportion of dry crops (0.70 and 0.34, respectively), but are located closer
to the Huaihe river. Therefore, the more severe the EDRL (i.e., the farther away from the Huaihe river),
the higher the proportion of local dry crops (see the full line in Figure 6), as people in each region
choose appropriate crops to adapt to the environmental conditions. For example, people far from the
Huaihe River would increase the proportion of dry crops to adapt to water scarcity and people near the
Huaihe River would reduce the proportion of dry crops to adapt to the abundance of water. If a large
area of drought occurs in the study site, crops farther away from the Huaihe river are better adapted
to this sudden water scarcity than crops near the river, and will therefore be better able to withstand
drought [44]. Therefore, EDRM far from the Huaihe river (where the proportion of dry crops is high)
would be smaller than that in the area close to the river (where the proportion of dry crops is low) (see
dotted line in Figure 6). Consequently, the groundwater consumption in the area far from the river will
be lower than that close to the river without drought mitigation measures. Furthermore, the estimation
of EDRL using Formulas (1), (4), and (6) combined shows that the lower the groundwater consumption,
the greater the drought loss (compared with the variation of groundwater consumption distribution,
the variation of rainfall distribution in each region is negligible). Therefore, EDRL far from the river
is greater than that near the river (see the solid line in Figure 6). According to the EDRE formula,
the bigger the EDRL, the smaller the EDRM, and the bigger the EDRE. Therefore, the farther away the
area is from the Huaihe river (where the proportion of dry crops is higher), the greater the drought
mitigation effects (see the shaded portion of Figure 6). Despite the smaller proportion of dry crops in
the area near the river would lead to higher irrigation area and irrigation may decrease the impact of
drought, the local crops have adapted to local environment of abundant water and irrigation water
cannot maintain the normal environment on the facets of surface soil moisture, temperature, and air
humidity. Irrigation may also be affected by the drought and irrigation water cannot be ensured.
Additionally, it cannot sustain normal crop growth in drought conditions.

To sum up, the above results illustrate the regional adaptation from the perspective of dry crop
proportion, showing an inverse relationship between drought mitigation effects and local water
abundance. The adaptation of drought mitigation measures can be revealed by the engineering and
non-engineering measures taken according to current conditions, which will make crops farther away
from the river more adaptable to water scarcity than crops closer to the river. This tendency might
eventually lead to the distribution pattern observed in Figure 4c, in which EDRE is greater in areas
farther away from the Huaihe river. The pattern of this distribution in Figure 4 also illustrates the
rationality of the assessment model of the regional agricultural drought mitigation effects.
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Figure 6. Variation in the drought-related yield loss rate without drought mitigation measures (EDRL),
drought-related yield loss rate with actual drought mitigation measures (EDRM), and the expectation
of drought mitigation effects (EDRE) with variation in the dry crop proportion in the study site.

5. Conclusions

The quantitative assessment of agricultural drought mitigation effects is an important basis for the
formulation of a drought and disaster mitigation strategy, which is of great significance for scientific
inquiry and for effective regional drought risk management and drought planning. In this study,
the quantitative assessment model of regional agricultural drought mitigation effects was established,
based on experimental and simulation data. The application of this model to wheat crops in Huaibei
Plain of Anhui Province in China reveals that:

(a) According to the definitions of the drought system and drought mitigation effects, a definition
of the expectation index of drought mitigation effects (EDRE) was proposed. The physical
meaning of EDRE is the expected value of drought-related loss recovery through drought
mitigation measures. The EDRE distribution diagram could be obtained based on the expectation
distribution diagram of drought-related yield loss rate without drought mitigation measures
(EDRL) and under drought mitigation measures (EDRM). The results show that the effects of
drought mitigation are small in the South and large in the North of the study site.

(b) The distribution pattern of EDRE is similar to that of the EDRL, which is related to ExR,i ≤ ExN,i.
At the same time, the lower EDRE is mainly due to a higher EDRM and a lower EDRL. Areas
where EDRE is low and the EDRL is high, or where EDRE is low and the EDRM is high require
urgent drought mitigation measures. Therefore, the East and West of Bozhou City and the West
of Huainan City urgently need to increase drought mitigation measures.

(c) Through a correlation analysis of the drought mitigation effect and the factors influencing it,
drought mitigation measures (such as increasing the proportion of dry crops and the water-saving
irrigation area) were identified. Additionally, the local adaptation of drought mitigation measures
leads to an inverse relationship between the drought mitigation effects and local water abundance,
forming a spatial distribution pattern in which the areas farther away from the mainstream of the
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Huaihe River exhibit greater drought mitigation effects. This also shows the rationality of the
assessment model of regional agricultural drought mitigation effects.
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