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Abstract The quantitative evaluation of the impact of drought
on crop yield is one of themost important aspects in agricultural
water resourcemanagement. To assess the impact of drought on
wheat yield, the Environmental Policy Integrated Climate
(EPIC) crop growth model and daily Standardized
Precipitation Evapotranspiration Index (SPEI), which is based
on daily meteorological data, are adopted in the Huang Huai
Hai Plain. The winter wheat crop yields are estimated at 28
stations, after calibrating the cultivar coefficients based on the
experimental site data, and SPEI data was taken 11 times across
the growth season from 1981 to 2010. The relationship between
estimated yield and multi-scale SPEI were analyzed. The opti-
mum time scale SPEI to monitor drought during the crop
growth period was determined. The reference yield was deter-
mined by averaging the yields from numerous non-drought
years. From this data, we propose a comprehensive quantitative
method which can be used to predict the impact of drought on
wheat yields by combining the daily multi-scale SPEI and crop
growth process model. This method was tested in the Huang
Huai Hai Plain. The results suggested that estimation of cali-
brated EPIC was a good predictor of crop yield in the Huang

Huai Hai Plain, with lower RMSE (15.4 %) between estimated
yield and observed yield at six agrometeorological stations. The
soil moisture at planting time was affected by the precipitation
and evapotranspiration during the previous 90 days (about
3 months) in the Huang Huai Hai Plain. SPEIG90 was adopted
as the optimum time scale SPEI to identify the drought and non-
drought years, and identified a drought year in 2000. The water
deficit in the year 2000 was significant, and the rate of crop
yield reduction did not completely correspond with the volume
of water deficit. Our proposed comprehensive method which
quantitatively evaluates the impact of drought on crop yield is
reliable. The results of this study further our understanding why
the adoption of counter measures against drought is important
and direct farmers to choose drought-resistant crops.
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Introduction

Drought is a recurring and complex natural hazard (Wilhite
and Buchanan-Smith, 2005), which can be an abstract natural
disaster (Hagman et al., 1984; Wilhite, 1996). The world area
which will experience extreme drought conditions will in-
crease by 29 % during this century (Burke et al., 2006), with
drought frequency and duration for a serious drought event
also likely to rise (Blunden et al., 2011). Drought may lead to
unfavorable natural and social phenomenons (Shen et al.,
2007), such as exacerbated desertification of land, significant
crop yield losses, increased social violence, and fire disaster in
the natural ecosystem (Bruins and Berliner, 1998;
MacDonald, 2007; Pausas, 2004; Quiring and Papakryiakou,
2003). Drought can also influence regional or global food
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production and food security (Dilley, 2005; Helmer and
Hilhorst, 2006; Narasimhan and Srinivasan, 2005).

The Huang Huai Hai Plain is one of the largest grain pro-
duction zones in China (Shi et al., 2014). Planting areas for
wheat occupy 45 % of the whole nation, and maize occupies
33 % (Guo et al., 2010). However, the Huang Huai Hai Plain
is prone to drought (Chen et al., 2011). The increased occur-
rence and severity of drought may be caused by higher evapo-
transpiration as a result of increasing temperature (Sheffield
and Wood, 2008). Climate change has influenced the hydro-
logical ecology and agricultural environment in many regions
of the world, including the Huang Huai Hai Plain (Gao et al.,
2006; Huntington, 2006; Sheffield and Wood, 2008). A quan-
titative evaluation of the impact of frequent droughts on crop
yield in the Huang Huai Hai Plain is urgently needed to im-
prove agriculture water resource management.

It is a key for quantitative evaluation of the impact of
drought on crop yield to choose a suitable drought monitoring
index. There are three common drought indices used to mon-
itor agricultural drought and soil water balance, the
Standardized Precipitation Evapotranspiration Index (SPEI)
(Vicente-Serrano et al., 2010; Wang et al., 2014),
Standardized Precipitation Index (SPI) (McKee et al., 1993),
and Palmer Drought Severity Index (PDSI) (Palmer, 1965).
The use of SPI with multi-scale characteristics can monitor
different kinds of drought, including meteorological drought,
agricultural drought, hydrological drought, and socio-
economic drought (Guttman, 1998; Hayes et al., 1999).
However, SPI only considers precipitation as a factor of
drought, and cannot monitor drought caused by higher tem-
perature. The influence of temperature on drought can be
characterized using PDSI (Dubrovsky et al., 2009).
Although PDSI lacks the ability of multi-scale, it can assess
different types of drought. Overall, a drought index which
includes a multi-time scale and temperature factor is required.
It is appropriate for SPEI to be used to study agricultural
droughts influenced by global warming. However, the month-
ly SPEI used commonly has a lower time resolution of
1 month and cannot identify drought in the day or crop growth
period. Therefore, a more refined or higher time resolution
SPEI needs to be developed to assess drought in the crop
growth period.

In previous studies, the detrend method which uses
statistical yield data for evaluating the impact of drought
on crop yield is used. This method has the limitation that
it cannot exclude other unfavorable factors (floods, dis-
eases, and pests) influencing crop yield. Other crop
growth models can remove the unfavorable factors and
estimate impact of drought influencing crop yield. The
crop growth model can be used to improve the manage-
ment of agricultural water resources and consider the ef-
fects of extreme climate change. Most crop growth
models can project or estimate crop yield by looking at

the physiological process during crop growth. These
models include DSSAT (Decision Support System for
Agrotechnology Transfer) (Jones et al., 2003; Wu et al.,
2014), EPIC (Environmental Policy Integrated Climate)
(Williams, 1989), WFOST (WOrld FOod STudies)
(Eitzinger et al., 2004), and AquaCrop (Raes et al.,
2009). The crop growth model can be a good tool to
analyze the variation of water deficit and the impact of the
water deficit on crop yield (Wu et al., 2014). They have also
been used to analyze the impact of climate variability on crop
production (Alexandrov and Hoogenboom, 2000; Chavas
et al., 2009; Thomson et al., 2006; Xiong et al., 2010). Crop
models have been demonstrated to have a good ability to
estimate or predict the crop growth and yield, taking into
account different stress factors including precipitation, tem-
perature, etc. (Liu et al., 2011). Therefore, well-calibrated
and tested crop models are useful in this study to estimate crop
yield in drought or non-drought (not wet and not dry) years.
Although a method based on the crop growth model estima-
tion has been conducted in previous studies (Jia et al., 2012;
Wu et al., 2014), the yield used as a reference could be the
potential yield of the crop with sufficient water and fertilizer
(Jia et al., 2012). However, it is nearly impossible to meet all
the conditions without stresses impacting the crop growth
process. Thus, it is necessary to determine a more reseanable
reference yield as there is a lack of studies on quantitative
evaluation of the impact of drought on crop yield.

The goal of this study was to propose a new comprehensive
quantitative method that assesses the impact of drought on
crop yield by combining SPEI and the crop growth process
model. Our study was conducted at 28 meteorological sta-
tions. The winter wheat yield was estimated at each station
using calibrated cultivar coefficients, and the relationship be-
tween estimated yield and multi-scale SPEI were analyzed.
We found the optimum time scale SPEI to monitor drought
in the crop growth period based on the development of a more
refined SPEI. Drought and non-drought years were identified
by using SPEI. A reference yield was determined by combin-
ing the simulated yields with multiple non-drought years; the
reference yield was used to determine the impact of drought
quantitatively. This study may provide some reference under-
standing in the measurement of the impact of drought and
guide farmers to actively respond to extreme weather events
to ensure food security.

Study area and data sources

The Huang Huai Hai Plain is in northern China, between 31°
E and 42° E, and 114° N and 121° N. It belongs to part of the
Huaihe River basin, the Yellow River basin, and the Haihe
River basin. According to the principle of comprehensive ag-
ricultural regionalization, the Huang Huai Hai Plain was
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divided into four sub-regions and shown in Fig. 1; the
Huang Huai Hai Plain is the main region of arable land
in China (Fig. 2). The meteorological stations are shown

in Table 1. The 28 stations were evenly distributed
across the study area, thus representing the spatial pat-
tern of water conditions in the area.
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Fig. 1 The study area (ATaihang-yanshan mountains piedmont plain, B Ji-lu-yu low lying plain, C Huang Huai plain, D Shandong hilly agroforestry
region)

Fig. 2 Spatial distribution of land use and themeteorological stations in the HuangHuai Hai Plain (the red circles denote the spatial distribution of the 28
meteorological stations; the rectangles in the legend identify the different land use types)



From 1980 to 2010, at the stations, daily meteorological
data were obtained from the China Meteorological
Administration, which included the maximum air temperature
(°C), minimum temperature (°C), the relative humidity (%),
the sunshine duration (h), the daily average wind speed (m/s),
and precipitation (mm). The solar radiation was calculated
using sunshine duration, using the Ångström function (Wang
et al., 2015). To obtain continuous meteorological data for
each station, 28 meteorological stations in the Huang Huai
Hai Plain were selected, with stations missing any data being
removed from the study. Land cover data (MCD12Q1) in
2010 were obtained from the United States Geological
Survey (USGS). The type of land use included water body,
grassland, woodland, arable land, built-up land, and unused
land (Liu et al., 2003). Using observations of crop growth of
winter wheat which are grown under five irrigation regimes at
Gucheng in the Huang Huai Hai Plain during 2007–2008,
six Agro-meteorological stations (Tangshan, Baoding,
Huanghua, Huimin, Weifang, and Juxian) are selected to val-
idate the calibration of the crop growth model. Observational
data was taken between 2005 and 2010 at 36 wheat experi-
mental sites. Over the Huang Huai Hai Plain, the observation-
al data were used to determine the planting and harvest dates
at the 28 stations (Lu and Fan, 2013), and the planting dates
were shown in Table 2.

Methodology

In order to choose the optimal drought indicator and identify
the drought and normal years, multi-scale SPEI were used in
our study; crop growth model was employed to simulate the
yield in each year from 1981 to 2010. A method in evaluating
the impact of drought on crop yield was proposed and vali-
dated; the flow chart for evaluating the method was shown in
Fig. 3.

Multi-scale SPEI

The SPEI index requires precipitation and evapotranspiration
factors. TheHargreavesmethodwas used to obtain the estimated
evapotranspiration factor (Stagge et al., 2015; Hargreaves and
Samani, 1982). Previous, a daily SPEI calculation method has
been developed which was used to assess drought in the Huang
Huai Hai Plain with good results (Wang et al., 2015). The detail
of the calculations used to determine daily SPEI have been re-
ported previously (Wang et al., 2015). Daily SPEI data were
obtained at each station. In this study, the Grow Season Length
(GSL) scale SPEI was used to monitor water conditions across
the whole growing season (from sowing to harvest). Using this
scale daily, SPEI on the day before winter wheat harvest can
identify whether water will be in surplus or deficit during the

Table 1 Basic information table of 28 meteorological stations

Station name Longitude (°E) Latitude (°N) Elevation (m) Station name Longitude (°E) Latitude (°N) Elevation (m)

Zunhua (ZH) 117.95 40.20 55 Jinan (JN) 116.98 36.68 52

Beijing (BJ) 116.47 39.80 31 Taishan (TSH) 117.10 36.25 1534

Tangshan (TS) 118.15 39.67 28 Yiyuan (YY) 118.15 36.18 303

Langfang (LF) 116.38 39.12 9 Anyang (AY) 114.37 36.12 76

Tianjin (TJ) 117.07 39.08 3 Chaoyang (CY) 115.58 36.03 43

Baoding (BD) 115.52 38.85 17 Juxian (JX) 118.83 35.58 107

Huanghua (HH) 117.35 38.37 7 Yanzhou (YZ) 116.85 35.57 52

Raoyang (RY) 115.73 38.23 19 Xinxiang (XX) 113.88 35.32 73

Shijiazhuang (SJZ) 114.42 38.03 81 Kaifeng (KF) 114.38 34.77 73

Huimin (HM) 117.52 37.50 12 Zhenzhou (ZZ) 113.65 34.72 110

Nangong (NG) 115.38 37.37 27 Shangqiu (SQ) 115.67 34.45 50

Xingtai (XT) 114.50 37.07 77 Xuchang (XC) 113.85 34.02 67

Haiyang (HY) 121.17 36.77 65 Baofeng (BF) 113.05 33.88 136

Weifang (WF) 119.18 36.75 22 Xihua (XH) 114.52 33.78 53

Table 2 Sowing dates of winter
wheat at the 28 selected stations Sowing date Station name

October 5 Zunhua, Beijing, Tangshan, Langfang, Tianjin, Baoding

October 8 Huanghua, Raoyang, Shijianzhuang, Huaimin, Nangong, Xingtai, Haiyang, Weifang,
Jinan, Taishan

October 10 Yiyuan, Anyang, Chaoyang, Juxian, Yanzhou, Xinxiang, Kaifeng, Zhengzhou

October 15 Shangqiu, Xuchang, Baofeng, Xihua
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whole growing season (SPEIG). To determine whether precipi-
tation and temperature impact crop yield before sowing, 10 time
scales were used, GSL plus 10 days before sowing SPEIG10,
SPEIG20, SPEIGSL30, SPEIG40, SPEIG50, SPEIG60, SPEIG70,
SPEIG80, SPEIG90, and SPEIG100. The daily SPEI on the days
before winter wheat harvest are calculated. The drought classifi-
cations of SPEI are shown in Table 3.

Crop growth model description

EPIC is organized into the modules climate data, soil data, the
atmosphere-plant-soil interface, and agricultural management

measurements (Williams, 1989). EPIC was used to estimate
the crop growth process, soil water balance, and crop yield
(Williams and Singh, 1995). The EPIC model has been rec-
ognized as an important tool for assessing the impact of cli-
mate variability on crop growth and development (Chavas
et al., 2009). The simulated principle and process of the crop
growth model is shown in Fig. 4.

EPIC model uses the harvest index estimating crop yield
and determining the proportion of the above-ground biomass
conversion for production.

YLD j ¼ HI j
� �

BAGð Þ ð1Þ

where YLDj is the yield of crop j (t/ha), HIj is the harvest index
of crop j, and BAG is the above-ground biomass of crop j.
Under the condition without environmental stresses, the har-
vest index shown a trend of nonlinear increasing from 0 to 1;
its computation formula is as follows:

HIAi ¼ HI j
Xi

K¼1

�
ΔHUFHK

 !
ð2Þ

where HIAi is the harvest index in the day i and HUFH
is the heat unit (accumulated temperature) factors affect-
ing the harvest index; its computation formula is as
follows:

HUFHi ¼ HUIi
HUIi þ exp 6:50−10:0HUIið Þ ð3Þ

HUIi is the heat unit index. Set this constant is to ensure
HUFH increases from 0.1 (HUIi = 0.5) to 0.9(HUIi = 0.9),
because crop scan produce the most crop yields in the bottom
half of the growth period; its computation formula is as fol-
lows:

HUIi ¼

Xi

K¼1

 !
HUK

PHU j
ð4Þ

HUIi is the heat unit index. HUK is the heat unit in
the day k, and PHUj is the amount of latent heat crop j
needed to mature. HUK can be calculated by the follow-
ing formula:

HUK ¼ Tmx;K þ Tmn;K

2

� �
−Tb; j HUK > 0 ð5Þ

HUKis the heat unit in the day k, Tmx , K is the highest
temperature (oC) in the day k, Tmn ,K is the lowest temperature
(oC) in the day k. Tb , j is the base temperature (oC) crop j
needed for growth; the crops will stop growing when it is
lower than the temperature.

Fig. 3 The flow chart for the proposed evaluating method in impact of
drought in crop yield

Table 3 Classification
used for the SPEI
(McKee et al., 1993;
Paulo et al., 2012)

Drought class SPEI values

Extreme wet SPEI ≥2.0
Severe wet 1.5 < SPEI <2.0

Moderate wet 1 < SPEI ≤1.5
Mild wet 0.5 < SPEI ≤1.0
normal −0.5 ≤ SPEI ≤0.5
Mild dry −1 < SPEI <−0.5
Moderate dry −1.5 < SPEI ≤−1.0
Severe dry −2 < SPEI ≤−1.5
Extreme dry SPEI ≤−2.0
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Another key variable calculating crop yield is the above-
ground biomass; its computation formula is as follows:

BAG ¼
Xn

K¼1

�
ΔBK

�
ð6Þ

ΔBKis the increment of above-ground biomass in the day k,
n is the number of days for crop growth, and its computation
formula is as follows:

ΔBi ¼ ΔBp;i
� �

REGð Þ ð7Þ

ΔBiis the increment of the above-ground biomass in the
day i; ΔBp , i is the potential increment of the above-ground
biomass in the day i. REG is the minimum stress factor for
crop (including water stress factor, nutrient stress factor, tem-
perature stress factor, radiation stress factor, and air stress
factor). If without any stress, its value is 1. ΔBp , i can be
calculated by the following formula:

ΔBp;i ¼ 0:001 BE j
� �

PARið Þ 1þΔHRLTið Þ3 ð8Þ

BEjis the crop parameter for energy converted to biomass
(kg ha MJ−1 m2). PARi is the photosynthetic effective radiation
in the day i (MJ m−2),ΔHRLTi is the variation between actual
sunshine time and theoretical sunshine time (h); it can be cal-
culate by latitude and sequence (January 1 as 1, May 31 as 365
or 366). PARi can be calculated by the following formula:

PARi ¼ 0:5 RAið Þ 1−exp −0:165LAIið Þ½ � ð9Þ

RAiis the solar radiation in the day i (MJ m−2); LAIi is the
crop leaf area index in the day i.

The leaf area index can be expressed through heat unit,
crop stresses, and crop growth stages. From the emergence
to the crop leaf area began to decline, the leaf area index can
be calculated by the following formula:

LAIi ¼ LAIi−1 þΔLAI ð10Þ

ΔLAI ¼ ΔHUFð Þ LAImxð Þ 1−exp 5:0 LAIi−1−LAImxð Þð Þð Þ
ffiffiffiffiffiffiffiffiffiffiffi
REGi

p

ð11Þ

LAI is the leaf area index, HUF is the heat unit factor, and
Δ is the change of every day. Sub mx is the possible maxi-
mum value,

HUFi ¼ HUIi
HUIi þ exp ah j;1− ah j;2

� �
HUIið Þ� � ð12Þ

ahj , 1 and ahj , 2 are two crop parameters.
From the leaf area began to decline to the end of the grow-

ing season, LAI is calculated in accordance with the following
formula:

LAI ¼ LAImx
1−HUIi
1−HUIo

� �adj

ð13Þ

ad is a crop parameter that controls the decreasing rate of the
crop leaf area for crop j.

HUIo is the corresponded heat unit index value when the
leaf area began to decline.

Fig. 4 The simulated principle
and process of crop growth model
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We calibrated the cultivar coefficients of the EPIC obser-
vation at Gucheng station. The relative root mean square error
(RMSE) for the observed and estimated crop yield was 0.19 t/
ha. The correlation between the observed and estimated yields
was 0.98. At the six selected stations (Tangshan, Baoding,
Huanghua, Huimin, Weifang, and Juxian), the correlation be-
tween the observation and estimated crop yields was also cal-
culated for the period 2003–2010. The normalized RMSEwas
15.4 %, which indicated the EPIC was a good predictor for
regional estimations (Tojo et al., 2007).

In this study, the crop growth process of winter wheat were
estimated at the 28 selected stations over the past 30 years.
Rainfed treatment was used to exclude the effect of irrigation
which may alleviate drought. Fertilization data was collected
before sowing and after wheat germination, with 80, 100, and
100 kg/ha of N, P, and K fertilizer applied, respectively
(Zhang et al., 2013).

Evaluating the impact of drought on crop yield

This study investigated the relationship between the
abovementioned 11 time scales SPEI and crop yield, based on
crop growth model estimation. The relationship was expressed
by Pearson’s correlation coefficient, and the optimum time
scale SPEI (SPEIoptimum) was chosen to monitor drought during
the crop growth period for winter wheat in the Huang Huai Hai
Plain. The classification of SPEI specifies that an absolute value
of less than or equal to 0.5 is considered non-drought condi-
tions, and less than −0.5 is considered drought conditions; the
threshold can exclude the wet and dry weather condition.
SPEIoptimum can be used to determine the drought and non-
drought (not dry and not wet) years (Fig. 5).

In this study, a reference yield was calculated based on
identified non-drought years (Fig. 6). The reference yield
was calculated at each station by averaging the estimated yield
in non-drought years. The reference yield was calculated
using the following Equation (1):

Yieldi;normal value ¼ Yieldi;k1 þ Yieldi;k2 þ ⋅⋅⋅þ Yieldi;kn
n

ð14Þ

where Yieldi , normal_value is the calculated reference yield, n is
the number of the years experiencing non-drought conditions,
and Yieldi , kn is the estimated yield in the knth non-drought
year at i station based on crop growth model simulation.

In order to quantitatively evaluate the impact of drought on
crop yield, the yield reduction rate was defined by combining the
calculated reference yield and the estimated yield in a drought
year at each station. The yield reduction rate is expressed as:

Yield reduction ratei;m ¼ Yieldi;normal value−Yieldi;m
Yieldi;normal value

� 100% ð15Þ

where Yield_reduction_ratei ,m is the percentage of crop yield
reduction in m year with drought conditions at i station,
Yield_reduction_ratei ,m >0 results in a reduction in yield, and
Yield_reduction_ratei ,m <0 is increase in yield. Yieldi ,m is esti-
mated yield in m year atistation.

To test the abovemethod in determining the impact of drought
on crop yield, continuous crop yield data are required. There was
no continuous observational crop yield data spanning from 1981
to 2010 at the 28 stations, and wheat yield data in statistical year
books on a county scale do not distinguish the yield between

Fig. 5 Schematic diagram of
SPEIoptimum in every year at a
station (the yellow color is
SPEIoptimum in drought year; the
gray color is SPEIoptimum in non-
drought year)
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winter wheat yield and spring wheat yield. The winter wheat
yields can be obtained at the provincial (or municipal) level, so
the method described above was tested at the provincial (or mu-
nicipal) level. The statistics on yield at a provincial (ormunicipal)
scale shows there is a mixed effect yield from various social and
natural environmental factors. When the statistical yield are in-
fluenced by drought, they may also be adversely affected by
other natural factors (pest, frost, floods, and other natural disas-
ters) or positively affected by the implementation of irrigation.
When the drought occurred in the larger extent of the region and
crop yield reduced for that year, it was assumed that the drought

conditions led to crop yield reducing as a result of the difficultly
to meet all irrigation requirement to cope with the widespread
drought (Wang et al., 2014). Therefore, SPEIoptimum was used to
determine the drought year at the provincial (or municipal) scale,
with yield reduction in that year partly a result of the drought
conditions. Therefore, yield reduction in the drought year can be
used as a criterion to test the method described.

It is difficult to calculate the magnitude of the reduction in
yield caused by drought only through statistical yield data.
The Moving Average Evaluating Method (MAEM) which
calculated the impact of drought based on statistical yield data
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Fig. 6 Schematic diagram of the determined referential yield at a station (the red color is estimated yield in drought year at the bottom, the gray color is
simulated yield in non-drought year at the bottom)



that can be used as a reference (Zhang, 2004); MAEM can
reduce the influence of technological progress on crop yield to
an extent. In this study, a 5-year collection of the annual yield
was used to calculate a reference yield and used as the normal
yield to calculate the statistical yield (Zhang, 2004). We also
calculated the change in yield based on the comprehensive

evaluating method (CEM) by combining the SPEI and crop
growth process model simulation at provincial (or municipal)
levels and the yield and SPEIoptimum at the stations across the
five provincial (or municipal) regions.

The result of MAEM being used as a reference increases the
accuracy of CEM.When SPEIoptimum is less than−0.5, it predicts
drought will occur. If the yield reduces, as calculated byMAEM
and CEM, we can consider the result of CEM as reliable (re-
ferred to as correct number: 1). If the yield reduces as calculated
by MAEM but does not as calculated by CEM, we consider the
result of CEM as unreliable (correct number: 0). We adapted the
Cronbach’s alpha (Cα) coefficient to check the reliability of our
method. Cα can be obtained by using the following formula:

Cα ¼ K
K−1

1−

X K

i¼1
vari

var

0
@

1
A ð16Þ

Table 4 Classification
used for the Cronbach’s
alpha

Reliability class Ca

Very reliable Value ≥0.9
More reliable 0.8 ≤value <0.9
Acceptable 0.7 ≤value <0.8
Suspicious 0.6 ≤value <0.7
Poor reliable 0.5 ≤value <0.6
Acceptable Value <0.5

Table 5 Correlation between crop yield and water accumulation during growth season (full name of station name in Table 5 may refer to Table 1)

Station name SPEIG SPEIG10 SPEIG20 SPEIG30 SPEIG40 SPEIG50 SPEIG60 SPEIG70 SPEIG80 SPEIG90 SPEIG100

ZH 0.58* 0.66* 0.65* 0.66* 0.67* 0.63* 0.64* 0.55* 0.57* 0.58* 0.61*

BJ 0.69* 0.72* 0.69* 0.70* 0.68* 0.62* 0.63* 0.55* 0.64* 0.63* 0.59*

TS 0.61* 0.63* 0.61* 0.65* 0.67* 0.64* 0.71* 0.72* 0.73* 0.73* 0.70*

LF 0.28 0.45* 0.43 0.51* 0.65* 0.62* 0.71* 0.69* 0.79* 0.80* 0.78*

TJ 0.56* 0.49* 0.52* 0.47* 0.50* 0.47* 0.46* 0.49* 0.48* 0.50* 0.49*

BD 0.74* 0.78* 0.77* 0.78* 0.84* 0.78* 0.75* 0.71* 0.75* 0.73* 0.70*

HH 0.37 0.44* 0.43 0.44* 0.49* 0.45* 0.52* 0.45* 0.58* 0.50* 0.49*

RY 0.68* 0.72* 0.72* 0.74* 0.74* 0.72* 0.68* 0.72* 0.64* 0.74* 0.78*

SJX 0.63* 0.67* 0.68* 0.65* 0.76* 0.78* 0.70* 0.77* 0.79* 0.77* 0.73*

HM 0.65* 0.73* 0.66* 0.67* 0.64* 0.67* 0.50* 0.56* 0.62* 0.66* 0.68*

NG 0.61* 0.60* 0.60* 0.59* 0.57* 0.56* 0.50* 0.57* 0.63* 0.63* 0.69*

XT 0.42 0.45* 0.44* 0.41 0.54* 0.52* 0.53* 0.76* 0.80* 0.80* 0.80*

HY 0.62* 0.62* 0.62* 0.65* 0.64* 0.53* 0.56* 0.54* 0.67* 0.68* 0.67*

WF 0.36 0.43 0.46* 0.44* 0.39 0.42 0.53* 0.54* 0.66* 0.70* 0.67*

JN 0.60* 0.63* 0.60* 0.56* 0.55* 0.61* 0.59* 0.59* 0.70* 0.69* 0.66*

TSH 0.07 0.18 0.18 0.11 0.32 0.32 0.40 0.40 0.40 0.44* 0.51*

YY 0.54* 0.63* 0.60* 0.54* 0.41 0.34 0.37 0.36 0.37 0.43 0.39

AY 0.61* 0.70* 0.58* 0.47* 0.55* 0.54* 0.53* 0.64* 0.74* 0.70* 0.60*

CY 0.59* 0.68* 0.72* 0.65* 0.68* 0.56* 0.48* 0.56* 0.58* 0.64* 0.59*

JX 0.41 0.45 0.50* 0.49* 0.36 0.35 0.37 0.39 0.47* 0.52* 0.49*

YZ 0.30 0.25 0.36 0.41 0.49* 0.51* 0.45 0.45 0.48* 0.46* 0.53*

XX 0.65* 0.64* 0.66* 0.64* 0.59* 0.52* 0.50* 0.49* 0.53* 0.53* 0.39

KF 0.61* 0.68* 0.62* 0.63* 0.71* 0.71* 0.67* 0.76* 0.77* 0.81* 0.74*

ZZ 0.39 0.40 0.48* 0.51* 0.64* 0.67* 0.61* 0.70* 0.72* 0.75* 0.66*

SQ 0.35 0.30 0.47* 0.45* 0.54* 0.49* 0.48* 0.55* 0.68* 0.67* 0.66*

XC 0.34 0.41 0.46* 0.43 0.55* 0.41 0.49* 0.54* 0.56* 0.56* 0.50*

BF 0.31 0.27 0.38 0.33 0.50* 0.41 0.47* 0.56* 0.57* 0.49* 0.48*

XH 0.54* 0.50* 0.54* 0.55* 0.54* 0.55* 0.51* 0.52* 0.64* 0.66* 0.56*

All stations 0.37* 0.39* 0.40* 0.39* 0.42* 0.40* 0.40* 0.42* 0.46* 0.46* 0.44*

Values in italics indicate significance p > 0.05, asterisk (*) indicates significance p < 0.01, and other values indicates significance p < 0.05
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where Cα is closer to 1, the result is more reliable, closer to 0,
more unreliable. K is the number of drought years to be evalu-
ated. i is the ith drought year. vari is the variance of correctly
evaluated number based on CEM for all province (or municipal-
ity) in the ith drought year. var is the variance of correctly eval-
uated number in each province (or municipality). The classifica-
tions for the Cronbach’s alpha are shown in Table 4.

Results and discussion

Relationship between yield and multi-time scale SPEI

SPEIG can represent the water balance conditions including the
precipitation and potential evapotranspiration during the whole
growing season. However, SPEIG cannot describe the soil mois-
ture content at the time of crop sowing, which may affect crop
growth and yield. The soil moisture content is determined by
difference between previous times of precipitation and evapo-
transpiration because the soil properties were relatively stable.
In order to identify how long precipitation and evapotranspiration
can affect the soil moisture at the time of sowing the crop, we
studied the estimated crop yields and SPEI at different time
scales. The SPEI value at different time scales can represent a
water balance between precipitation and evapotranspiration

across a period and therefore a specific length of time in which
the soil water affects the crop at sowing time.

Based on daily SPEI, the SPEI of multi-time scales were
calculated at the 28 stations in the Huang Huai Hai Plain. At
each station and in the whole region, we calculated the estimated
yield and SPEI of 11 time scales including the times between
sowing and harvest, adding 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 days pre-sowing into the growing season of winter wheat
(Table 5). SPEIG+n represents the water condition for n days
before sowing to harvesting time. SPEIG90 is a good indicator
of estimated crop yield at each of the stations and across the
whole region. There was significant (p < 0.01, except 1 station
with p < 0.05) correlation between SPEIG90 and crop yield.
Although the correlation coefficient between SPEIG80 and crop
yield was better than that calculated between SPEIG90 and crop
yield at eight stations, the correlation coefficient between yield
and SPEI of the two time scales were nearly the same. Therefore,
the results indicated that SPEIG90 had the best correlation to yield
at all the stations, and SPEIG90 was identified as the best time
point to determine SPEI (SPEIoptimum). This suggests that the soil
moisture at sowing time is affected by the previous 90-day (about
3 months) precipitation and evapotranspiration in the Huang
Huai Hai Plain. It also suggests that a 3-month time point for
SPEI can represent the soil moisture condition. This conclusion
is consistent with a previous study (Seiler et al., 2002).

Fig. 7 Spatial distribution of
SPEIG90 at all stations (the red
font is value of SPEIG90)
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Impact of drought on crop yield

All the stations, except the TSH station (with SPEIG90 = −0.41),
were identified to be in drought in the year 2000 based on the
value of SPEIG90 (Fig. 7), which illustrated that the water deficit
of the winter wheat growing season in 2000 was experienced
across the Huang Huai Hai Plain. Therefore, we selected the
drought in 2000 to evaluate the impact of drought on crop yield
at each of the stations in the HuangHuai Hai Plain. The drought
in the west of the region was more severe than in the east, and
around the Taishan Mountain the drought was relatively mild,
maybe affected by the terrain resulting in a difference of pre-
cipitation compared to other regions.

The calculated reference yield (normal yield) based on
criteria that identified drought and non-drought years are
shown in Fig. 8. Figure 8 illustrates the gradual reduction in
crop yield from the southeast to northwest across the whole
study area. The precipitation in this region followed the same
trend, suggesting that precipitation is the main meteorological
factor affecting crop yields.

The reduction rate in crop yield, based on our pro-
posed method, is shown in Fig. 9 which illustrates that
the Nangong station had the greatest rate of reduction in
crop yield (more than 70 %), with a corresponding
SPEIG90 of −1.98 (close to extreme drought), and the
Xingtai station had the most severe drought, with a
SPEIG90 of −2.25 and a rate of crop yield reduction of
−64.31 %. This suggested that the rate of reduction in
crop yield was not always in agreement with the
SPEIG90, which may be due to water deficits at different
stages of growth has different effects on the crop yield
(Doorenbos and Kassam, 1979). Wheat growth is the
most sensitive to drought during the budding and head-
ing stages, followed by jointing and filling stages (Wang
et al., 2001). In conclusion, if SPEIG90 is calculated dur-
ing drought conditions, the crop yield will reduce.
Furthermore, if drought conditions occur during the
growth season in wheat, the crop yield will decrease
but the amount of reduction in yield may be related to
the duration of the drought conditions.
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Validation of evaluating the impact of drought on crop
yield

In our study, we determined whether drought events
were responsible for crop yield losses from 1981 to
2010. All crop yield losses in Beijing (six events),
Tianjin (four events), and Henan (eight events) occurred
while under drought years and were all identified cor-
rectly. The number of crop yield losses events in Hebei
(seven events) and Shandong (five events) which were
correctly identified were six and four, respectively. The
reliability index (Cα) was calculated to be 0.90, which
indicated a good method. The impact of drought on crop
yield based on crop model simulation is very consistent
too, with only 1 year in which results did not agree
with statistical methods, Shandong Province sub-region
in 1981, which had a SPEIG90 of −1.04 indicating mod-
erate drought. However, the result using our method is
reliable for severe and more severe droughts in all sub-

regions. The reliability index (Cα) of evaluating the ef-
fects of severe and more severe droughts for crop yield
was 1.

To further test the method described above, a spatial-
temporal diagram of SPEIG90 and two spatial-temporal
diagrams of crop yield losses during drought, based on
crop model simulation and statistical method, respective-
ly, were compared and analyzed (Fig. 10). Figure 8 in-
dicates that there were three serious droughts in the
years 1981–1982, 2000–2003, and 2007, affecting al-
most the entire study area. And the drought in 2000–
2003 was continuous in time and space. The results of
the crop yield losses during drought calculated from the
crop model simulation and statistical methods were very
consistent especially in severe and extreme drought
years, with only one inconsistency in Shandong
Province in 1981. This suggests that evaluating crop
yield losses occurring during drought based on a crop
model simulation is informative.

Fig. 9 Spatial distribution of the crop yield reduction rate at all stations (the red font is the value of crop yield reduction rate, unit: %)
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Conclusion

The quantitative evaluation of the impact of drought on crop
yield is one of the most important challenges of agricultural
and water management. Based on studies of crop growth of
winter wheat grown under five irrigation regimes at Gucheng
in the Huang Huai Hai Plain during 2007–2008, a set of culti-
var coefficients of the crop growth model EPIC was calibrated
at the Gucheng experimental site, which was used to estimate
the crop growth process and crop yield at each station during
the years 1980 to 2010. This study investigated the relation-
ships between 11 time scales, daily Standardized Precipitation
Evaporation Index (SPEI), and crop yield, based on crop
growth model simulation, to determine the optimum time
scale SPEI (SPEIoptimum). SPEIoptimum was used to identify
the drought and non-drought years for the crop growth period
for winter wheat at 28 stations in the Huang Huai Hai Plain
(Fig. 9). We propose a new comprehensive quantitative meth-
od in evaluating the impact of drought on crop yield by com-
bining the reference yield and estimated yield in a drought
year at each station. We also tested our proposed method at
provincial (or municipal) level based on the reliability index
(Cα).

Our results suggested that the normalized RMSE between
estimated and observed yield at 6 stations was 15.4 %, which

indicated EPIC was useful in regional estimation of yield; the
soil moisture at sowing time was effected by the previous
90 days (about 3 month) precipitation and evapotranspiration.
This study indicated that a length of 90 days, (SPEIG90) was
the optimum time scale SPEI to identify the drought and non-
drought years, and identified the drought year (in 2000). The
water deficit of the winter wheat growing season in the year
2000 was serious, with the drought in the west region of the
Huang Huai Hai Plain being more severe than in the east. The
reference crop yield gradually reduced from the southeast to
the northwest of the study area; however, the rate of reduction
of crop yield did completely correspond with amount of water
deficit. The reliability index indicated that the proposed meth-
od is a valid tool for assessing the impact of drought on crop
yield.

This study can provide a scientific understanding for
the management of drought mitigation strategies on a
regional scale. A comprehensive evaluating method
which evaluates the impact of drought on crop yield
could assist in decision making with regards to resource
planning in the Huang Huai Hai Plain. However, it may
be more productive to apply this method to multiple crop
types to further test the method or expand this method
into relevant research fields, such as ecological evalua-
tion and environmental quality evaluation.

Fig. 10 Spatial-temporal diagram of crop yield reduction rate and
SPEIG90 (a spatial-temporal diagram of crop yield reduction rate based
on our comprehensive evaluating method (CEM); b spatial-temporal

diagram of SPEIG90; c spatial-temporal diagram of crop yield reduction
rate based on Moving Average Evaluating Method (MAEM), the blue
ellipses are three drought events)

Int J Biometeorol (2017) 61:685–699 697



Acknowledgments This research received financial support from the
International Science & Technology Cooperation Program of China (grant
numbers: 2013DFG21010), and also supported by the Fundamental
Research Funds for the Central Universities, Program for Changjiang
Scholars and Innovative Research Team in University (IRT15R06),
National Natural Science Foundation of China (No. 41601562 and No.
41271437), Research Project for Young Teachers of Fujian Province (No.
JAT160085) and Scientific Research Foundation of Fuzhou University
(No. XRC-1536). We would like to thank Ming Liu, Xiaoran lv, Zhitao
Wu, Leizhen Liu, and Guangyu Li for providing helpful editorial support.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Alexandrov V, Hoogenboom G (2000) The impact of climate variability
and change on crop yield in Bulgaria. Agric For Meteorol 104:315–
327

Blunden J, Arndt D, Baringer M (2011) State of the climate in 2010. Bull
Am Meteorol Soc 92:S1–S236

Bruins HJ, Berliner PR (1998) Bioclimatic aridity, climatic variability,
drought and desertification: definitions and management options.
The arid frontier. Springer, Berlin, pp. 97–116

Burke EJ, Brown SJ, Christidis N (2006) Modeling the recent evolution
of global drought and projections for the twenty-first century with
the Hadley Centre climate model. J Hydrometeorol 7:1113–1125

Chavas DR, Izaurralde RC, Thomson AM, Gao X (2009) Long-term
climate change impacts on agricultural productivity in eastern
China. Agric For Meteorol 149:1118–1128

Chen J, Wang C, Jiang H, Mao L, Yu Z (2011) Estimating soil moisture
using temperature–vegetation dryness index (TVDI) in the Huang-
huai-hai (HHH) plain. Int J Remote Sens 32:1165–1177

Dilley M (2005) Natural disaster hotspots: a global risk analysis, vol 5.
World Bank Publications, Washington

Doorenbos J, Kassam A (1979) Yield response to water. Irrigation and
drainage paper 33:257

Dubrovsky M, Svoboda M, Trnka M, Hayes M, Wilhite D, Zalud Z et al
(2009) Application of relative drought indices in assessing climate-
change impacts on drought conditions in Czechia. Theor Appl
Climatol 96:155–171

Eitzinger J, Trnka M, Hösch J, Žalud Z, Dubrovský M (2004)
Comparison of CERES,WOFOSTand SWAPmodels in simulating
soil water content during growing season under different soil con-
ditions. Ecol Model 171:223–246

Gao G, Chen D, Ren G, Chen Y, Liao Y (2006) Spatial and temporal
variations and controlling factors of potential evapotranspiration in
China: 1956–2000. J Geogr Sci 16:3–12

Guo R, Lin Z, Mo X, Yang C (2010) Responses of crop yield and water
use efficiency to climate change in the North China Plain. Agric
Water Manag 97:1185–1194

Guttman NB (1998) Comparing the palmer drought index and the stan-
dardized precipitation index1. JAWRA Journal of the American
Water Resources Association 34:113–121

Hagman G, Beer H, Bendz M, Wijkman A (1984) Prevention better than
cure. Report on human and environmental disasters in the Third
World. 2

Hargreaves GH, Samani ZA (1982) Estimating potential evapotranspira-
tion. J Irrig Drain Div 108:225–230

HayesMJ, SvobodaMD,Wilhite DA, Vanyarkho OV (1999)Monitoring
the 1996 drought using the standardized precipitation index. Bull
Am Meteorol Soc 80:429–438

Helmer M, Hilhorst D (2006) Natural disasters and climate change.
Disasters 30:1–4

Huntington TG (2006) Evidence for intensification of the global water
cycle: review and synthesis. J Hydrol 319:83–95

Jia H, Wang J, Cao C, Pan D, Shi P (2012) Maize drought disaster risk
assessment of China based on EPIC model. International Journal of
Digital Earth 5:488–515

Jones JW, Hoogenboom G, Porter CH, Boote KJ, Batchelor WD, Hunt L
et al (2003) The DSSAT cropping system model. Eur J Agron 18:
235–265

Liu J, LiuM, ZhuangD, Zhang Z, DengX (2003) Study on spatial pattern
of land-use change in China during 1995–2000. Sci China Ser D
Earth Sci 46:373–384

Liu H, Yang J, Tan C, Drury C, Reynolds W, Zhang T et al (2011)
Simulating water content, crop yield and nitrate-N loss under free
and controlled tile drainage with subsurface irrigation using the
DSSAT model. Agric Water Manag 98:1105–1111

Lu C, Fan L (2013) Winter wheat yield potentials and yield gaps in the
North China Plain. Field Crop Res 143:98–105

MacDonald GM (2007) Severe and sustained drought in southern
California and the West: present conditions and insights from the
past on causes and impacts. Quat Int 173:87–100

McKee TB, Doesken NJ, Kleist J (1993) The relationship of drought
frequency and duration to time scales. Proceedings of the 8th
Conference on Applied Climatology. 17. American Meteorological
Society, Boston, MA, pp. 179–183

Narasimhan B, Srinivasan R (2005) Development and evaluation of soil
moisture deficit index (SMDI) and evapotranspiration deficit index
(ETDI) for agricultural drought monitoring. Agric For Meteorol
133:69–88

Palmer WC (1965) Meteorological drought. Research Paper No. 45. US
Department of Commerce. Weather Bureau, Washington, DC

Paulo A, Rosa R, Pereira L (2012) Climate trends and behaviour of
drought indices based on precipitation and evapotranspiration in
Portugal. Nat Hazards Earth Syst Sci 12:1481–1491

Pausas JG (2004) Changes in fire and climate in the eastern Iberian
Peninsula (Mediterranean basin). Clim Chang 63:337–350

Quiring SM, Papakryiakou TN (2003) An evaluation of agricultural
drought indices for the Canadian prairies. Agric For Meteorol 118:
49–62

Raes D, Steduto P, Hsiao TC, Fereres E (2009) AquaCrop the FAO crop
model to simulate yield response to water: II. Main algorithms and
software description. Agron J 101:438–447

Seiler R, Hayes M, Bressan L (2002) Using the standardized precipitation
index for flood risk monitoring. Int J Climatol 22:1365–1376

Sheffield J, Wood EF (2008) Global trends and variability in soil
moisture and drought characteristics, 1950-2000, from
observation-driven simulations of the terrestrial hydrologic
cycle. J Clim 21:432–458

Shen C, Wang W-C, Hao Z, Gong W (2007) Exceptional drought events
over eastern China during the last five centuries. Clim Chang 85:
453–471

Shi W, Tao F, Liu J (2014) Regional temperature change over the Huang-
Huai-Hai Plain of China: the roles of irrigation versus urbanization.
Int J Climatol 34:1181–1195

Stagge JH, Tallaksen LM, Gudmundsson L, Van Loon AF, Stahl K 2015
Candidate distributions for climatological drought indices (SPI and
SPEI). Int J Climatol

Thomson AM, Izaurralde RC, Rosenberg NJ, He X (2006) Climate
change impacts on agriculture and soil carbon sequestration poten-
tial in the Huang-Hai Plain of China. Agric Ecosyst Environ 114:
195–209

698 Int J Biometeorol (2017) 61:685–699



Tojo SM, Sentelhas PC, HoogenboomG (2007) Application of the CSM-
CERES-Maize model for planting date evaluation and yield fore-
casting for maize grown off-season in a subtropical environment.
Eur J Agron 27:165–177

Vicente-Serrano SM, Beguería S, López-Moreno JI, Angulo M, El
Kenawy AA (2010) new global 0.5 gridded dataset (1901-2006)
of a multiscalar drought index: comparison with current drought
index datasets based on the Palmer Drought Severity Index. J
Hydrometeorol 11:1033–1043

Wang M, Zhang C, Yao W (2001) Effects of drought stress in different
development stages on wheat yield. Journal of Anhui Agricultural
Sciences 29:605–607

Wang Q, Wu J, Lei T, He B, Wu Z, Liu M, et al. (2014) Temporal-spatial
characteristics of severe drought events and their impact on agricul-
ture on a global scale. Quat Int

Wang Q, Shi P, Lei T, Geng G, Liu J, Mo X et al (2015) The alleviating
trend of drought in the Huang-Huai-Hai Plain of China based on the
daily SPEI. Int J Climatol 35:3760–3769

Wilhite DAA (1996) Methodology for drought preparedness. Nat
Hazards 13:229–252

Wilhite DA, Buchanan-Smith M (2005) Drought as hazard: understand-
ing the natural and social context. Drought and water crises: science,
technology, and management issues :3–29

Williams J (1989) The EPIC crop growth model. Transactions of the
ASAE 32:497–511

Williams JR, Singh V (1995) The EPIC model. Computer models of
watershed hydrology :909–1000

Wu J, Liu M, Lü A, He B (2014) The variation of the water deficit during
the winter wheat growing season and its impact on crop yield in the
North China Plain. International journal of biometeorology:1–10

XiongW, Holman I, Lin E, Conway D, Jiang J, Xu Yet al (2010) Climate
change, water availability and future cereal production in China.
Agric Ecosyst Environ 135:58–69

Zhang J (2004) Risk assessment of drought disaster in the maize-growing
region of Songliao Plain, China. Agric Ecosyst Environ 102:133–
153

Zhang J, Zhao Y,Wang C, YangX,Wang J (2013) Evaluation technology
on drought disaster to yields of winter wheat based on WOFOST
crop growth model. Acta Ecol Sin 33:1762–1969

Int J Biometeorol (2017) 61:685–699 699


	A...
	Abstract
	Introduction
	Study area and data sources
	Methodology
	Multi-scale SPEI
	Crop growth model description
	Evaluating the impact of drought on crop yield

	Results and discussion
	Relationship between yield and multi-time scale SPEI
	Impact of drought on crop yield
	Validation of evaluating the impact of drought on crop yield

	Conclusion
	References


