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Abstract: To analyze the water-resource limitations for crops in irrigation districts along the lower
reach of the Yellow River, we used the single-crop coefficient method provided by FAO-56 to analyze
crop water demand (CWD) and irrigation water requirement (IWR) for the main crops (winter wheat,
summer maize, and cotton) from 1971 to 2015. The impact of climate threats on IWR was then
quantified based on the standardized precipitation evapotranspiration index (SPEI), following which
the conflicts between water demand and water supply were analyzed. The results show that about
75.4% of the total annual IWR volume is concentrated from March to June. Winter wheat is the largest
water consumer; it used an average of 67.9% of the total IWR volume. The study area faced severe
water scarcity, and severe water deficits occurred mainly between March and June, which is consistent
with the occurrence of drought. With the runoff from the Yellow River Basin further decreasing in
the future, the water supply is expected to become more limited. IWR is negatively correlated with
the SPEI. Based on the relationship between SPEI and IWR, the water allocation for irrigation can be
planned at different timescales to meet the CWD of different crops.

Keywords: crop water demand; irrigation water requirement; standardized precipitation
evapotranspiration index; irrigation districts

1. Introduction

Irrigation districts along the lower reach of the Yellow River is an important grain and cotton base
of China. Given the uneven spatial and temporal distribution of precipitation, irrigation is important
to guarantee the high and stable crop production in this area.

Irrigation-water sources in this study area include local surface water, groundwater, and water
from the Yellow River. However, local surface water and groundwater are in short supply and are
difficult to use, so water from the Yellow River is the most important irrigation-water source for crop
production. With the impact of climate change and human activities, the supply of water from the
Yellow River is expected to become increasingly limited in the future. The observed mean annual
runoff at Huayuankou Hydrological Station from 2001 to 2010 was less than 45.6% of that from 1956 to
1979 [1]. Due to economic development and population growth, more and more water withdrawn
from the Yellow River is diverted from agriculture to meet the increased water needs of industrialized
and urbanized areas. The proportion of the water withdrawn from the Yellow River for agriculture has
thus declined since 2001 (Figure 1), which has worsened the water shortage for crop growth in the
study area. Furthermore, runoff in the Yellow River Basin will be further reduced under the impact of
climate change in the future [1], which will inevitably worsen the conflict between water demand and
water supply and will constitute a strong threat to the safety of crop production in the study area. Thus,
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to relieve the water shortage in the region and ensure both high and stable crop production in China,
we need to understand the changes in crop water demand (CWD) and irrigation water requirement
(IWR) of the main crops under the impacts of climate change.
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Figure 1. Interannual variations in the water withdrawn from the Yellow River for agriculture irrigation
in the study area (data from the Yellow River Water Resources Bulletin of the Yellow River Conservancy
Commission of the Ministry of Water Resources [2]).

CWD is affected by crop potential evapotranspiration (PET). When precipitation cannot satisfy
CWD, crops experience water stress. The level of water stress is controlled by PET and precipitation.
Thus, in this study, we chose to use the standardized precipitation evapotranspiration index (SPEI),
which is calculated based on precipitation and PET, to quantify how climate change affects the crop
water productivity. The SPEI was proposed by Vicente-Serrano [3] and has been widely used as a
drought index to detect and monitor agricultural droughts at different timescales [4–9]. Studies of
the variation of SPEI are helpful in defining drought levels for different crop growth periods and for
properly planning the irrigation-water resources according to the temporal distribution of the IWR of
the various crops.

The single-crop coefficient method provided by FAO-56 is widely used to calculate the IWR.
This method first calculates the CWD by multiplying PET by the crop coefficient and then uses the
difference between CWD and the effective precipitation as the IWR [8–14]. PET is usually calculated
by using the Penman–Monteith equation recommended by the Food and Agriculture Organization
(FAO) [15]. Although the crop coefficient, which is related to the crop type, crop growth stage,
climate, and soil, is given by the FAO, it assumes standard conditions and usually should be adjusted
according to the local meteorological conditions (wind speed and humidity), soil type, mean plant
height, time intervals, magnitude of precipitation and irrigation, and the evaporation power of the
atmosphere [12,15–17].

The objectives of this study are as follows: (1) to quantify the temporal changes of crop
water demand and irrigation water requirement under the impact of climate change; and, (2) to
comprehensively analyze the conflict between water supply and irrigation water requirement.

2. Materials and Methods

2.1. The Study Area

Irrigation districts along the lower reach of the Yellow River lie between latitude 34◦12′ and 38◦02′

N and longitude 113◦24′ and 118◦59′ E. The study area is in the Huang-Huai-Hai (HHH) plain [18]
(Figure 2), which has a warm-temperate and semi-humid continental monsoon climate. The average
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annual precipitation was 600 mm, with 70% falling from June to September, and the average annual
temperature was 13.5 ◦C.

Winter wheat, summer maize, and cotton are the predominant crops in this region. In 2015, the
total planting area of farm crops in the study area was 818 × 104 ha. The planting area of winter
wheat, summer maize, and cotton covers about 40.4%, 29.0%, and 5.3% of the total planting area,
respectively [19,20].
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Figure 2. Study area and location of meteorological stations.

2.2. Data

Daily meteorological data from twelve national meteorological stations were used in this study;
the locations of these stations are shown in Figure 2. The historical records of daily meteorological data
from 1971 to 2015 were collected from the National Meteorological Information Centre of the China
Meteorological Administration (http://data.cma.cn). The data included the maximum and minimum
temperature, precipitation, sunshine hours, wind speed, and relative humidity.

2.3. Methods

2.3.1. Calculation of CWD and IWR

The CWD is calculated based on the single crop coefficient given by FAO-56:

ETc = Kc × PET (1)

where ETc is the CWD; PET is the potential evapotranspiration, which is estimated by the
Penman–Monteith equation recommended by FAO; Kc is the crop coefficient, which is generalized
into three values: Kcini for the initial growing stage, Kcmid for midseason, and Kcend for the end stage.
The FAO has provided Kc values under standard conditions for different crops. These recommended
Kc values should be modified according to the actual meteorological conditions [15]. Based on field-
weighting lysimeter data, Liu and Luo [21] estimated Kc values during the initial, development,
midseason, and end stages of winter wheat and summer maize in North China. This study uses the
Kc values for the corresponding stages given by Liu and Luo [21]: the Kc values during the initial,
development, midseason, and end stages for winter wheat were 0.80, 1.15, 1.25, and 0.95, and for
summer maize were 0.90, 0.95, 1.25, and 1.00, respectively. Ma et al. [22] modified the cotton Kc values
recommended by the FAO for the various cotton-planting regions of China. We used the modified Kc

http://data.cma.cn
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values for cotton in the HHH cotton-planting region from the study of Ma et al. [22]: the Kc values for
the initial, midseason, and end stage were 0.35, 1.20, and 0.60, respectively.

The IWR can be calculated based on the difference between the CWD and the effective
precipitation [23,24]:

IWR = ETc − Pe (2)

where ETc is the CWD, Pe is the effective precipitation, and IWR is the irrigation water requirement.
The effective precipitation is calculated by using

Pe = α× P (3)

where P is the precipitation, Pe is the effective precipitation, and α is the effective utilization coefficient
of precipitation. In this study, we use α = 0.80 because of the large study area with different types of
land use and soil types.

Understanding the variations in CWD and IWR for different crop growth periods is helpful
for water-resource allocation for irrigation. In this study, the whole growth stage of different crops
was divided into different growth periods. Winter wheat is usually planted in early or middle
October and harvested in early June of the following year. Its growth season was divided into
three growth stages: (i) the sowing-to-tillering stage (BBCH 00-29), (ii) the over-wintering stage,
and (iii) the greening-to-maturity stage (BBCH 31-97). The growth season of summer maize usually
extends from early or mid-June to mid or late September and was divided into four growth stages:
(i) the sowing-to-jointing stage (BBCH 00-30), (ii) the jointing-to-heading stage (BBCH 30-51), (iii) the
heading-to-milk stage (BBCH 51-73), and (iv) the milk-to-maturity stage (BBCH 73-97). The growth
season of cotton is usually from mid-April to mid or late October and was divided into three growth
stages: (i) the sowing-to-flowering stage (BBCH 00-60), (ii) the flowering-to-boll-opening stage (BBCH
60-81), and (iii) the boll-opening-to-maturity stage (BBCH 81-97).

2.3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

In the study of Vicente-Serrano et al. [3], the estimate of SPEI was based on the difference between
monthly precipitation and PET. In this study, we followed the computational procedures proposed by
Vicente-Serrano et al. [3] to calculate the SPEI.

The first step is to calculate the PET, which was done by using the Thornthwaite method in the
study of Vicente-Serrano et al. [3]. The PET is easy to calculate by the Thornthwaite method [25]
because it uses only the monthly average temperature and latitude as the input data. However, the PET
in China is not only affected by temperature but also controlled by other climate factors, such as wind
speed, relative humidity, and solar radiation [26]. Furthermore, PET calculated by the Thornthwaite
method usually results in an overestimate [27]. Therefore, the FAO-56 Penman–Monteith equation,
which combines the aerodynamics and radiative climate factors and is usually adopted as a standard
method to compute PET, is used herein because it provides more accurate results [28–31].

The second step is to compute the difference Di between the monthly precipitation and monthly
PET for month i:

Di = Pi − PETi (4)

where Di is the difference between the monthly precipitation and monthly PET, Pi is the monthly
precipitation, and PETi is the monthly CWD.

The third step is to determine the accumulation of Di over different timescales, and the fourth
step is to standardize Di into a three-parameter log-logistic probability distribution to obtain the SPEI:

F(x) =

1 + [ α
x− γ

]β−1

(5)
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P = 1− F(x) (6)

where F(x) is the probability function of the log-logistic distribution for the D series; α, β, and γ are the
scale, shape, and origin parameters, which can be obtained by using the L-moment procedure [3,32],
and P is the probability of exceeding a determined D value.

When P ≤ 0.5,
W =

√

−2 ln P (7)

SPEI = W −
2.515517 + 0.802853W + 0.010328W2

1 + 1.432788W + 0.189269W2 + 0.001308W3 (8)

when P > 0.5,

W =
√
−2 ln(1− P) (9)

SPEI =
2.515517 + 0.802853W + 0.010328W2

1 + 1.432788W + 0.189269W2 + 0.001308W3 −W (10)

where W in Equations (7)–(10) is the probability-weighted moment.
SPEI can be estimated at different timescales, such as 1, 3, 6, and 12 months. For example,

the 3-month SPEI in May (SPEI3-5) means that the estimation of SPEI is based on the sum of monthly
precipitation and PET of May, April, and March.

The SPEI is classified into five levels according to the China national standard Grades
of Meteorological Drought (GB/T 20481-2017) [33]: no drought (SPEI > −0.5), light drought
(−1.0 < SPEI ≤ −0.5), moderate drought (−1.5 < SPEI ≤ −1.0), severe drought (−2.0 < SPEI ≤ −1.5),
and extreme drought (SPEI ≤ −2.0).

To properly plan the irrigation water resources, drought characteristics should be analyzed in
different growth stages of crops based on the above classification of the whole growth stage for the
given crops. For winter wheat, the drought characteristics during the first growth stage were assessed
based on the 2-month SPEI of November, the second was the 3-month SPEI of February, and the third
was the 4-month SPEI of June. For the whole growth season, they were assessed based on the 9-month
SPEI of June.

For summer maize, drought characteristics during each growth stage were assessed based on the
1-month SPEI series from June to September. Drought characteristics during the whole growth season
of summer maize were assessed based on the 4-month SPEI of September.

For cotton, the drought characteristics of each growth stage were assessed based on the 3-month
SPEI of June, 2-month SPEI of August, and 2-month SPEI of October. For the whole growth season of
cotton, they were assessed based on the 7-month SPEI of October.

2.3.3. Temporal and Trends Analysis

The rank-based nonparametric Mann–Kendall (MK) test [34,35], which detects the trends
of non-normally distributed data and is strongly recommended by the World Meteorological
Organization [36], was used to test the significance of the trends of the CWD and IWR on different
timescales. Sen’s slope estimator β [37], which is a slope-based method and is closely related to the
Mann–Kendall test, was used to quantify the magnitude of the trends, and the Pearson correlation
coefficient was used to analyze the influence of climate threats on the IWR at the 1% significance level.

Finally, the inverse-distance weighting method was used to calculate the regional average value
of the CWD and IWR of different crops and the SPEI on different timescales in the study area.

3. Results and Analysis

3.1. Analysis of Trends for Crop Water Demand and Irrigation Water Requirements

Tables 1–3 present the results of the trend analysis for the CWD and IWR for winter wheat,
summer maize, and cotton, respectively, from 1971 to 2015.
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For winter wheat, the mean annual CWD varied from 404 to 559 mm with an average of 487 mm
(SD = 33 mm), and the mean IWR for winter wheat varied from 168 to 452 mm with an average of 322
mm (SD = 65 mm) (Table 1). During the whole growth season, the CWD tended to decrease at the
rate of 0.5 mm/decade from 1971 to 2015, but this trend was not significant. No significant increasing
trends appeared in the sowing-to-tillering stage (BBCH 00-29) and over-wintering stage. However,
during the greening-to-maturity stage (BBCH 31-97), the CWD decreased insignificantly at a rate of
4.3 mm/decade, which may be the main contribution to the decreasing trend of the whole growth
season for CWD during this growth stage being the most and it accounts for 75.2% of the CWD for the
whole growth season. The IWR for the whole growth season decreased insignificantly at a rate of 7.1
mm/decade. For the changes of different growth stages, the IWR during the sowing-to-tillering period
(BBCH 00-29) and the greening-to-maturity stage (BBCH 31-97) tended to decrease as well, although not
significantly, and increased insignificantly at a rate of 0.5 mm/decade during the over-wintering period.

Table 1. Average CWD, IWR, MK trends and Sen’s slope estimator β during the different growth stages
of winter wheat.

Growth Stage CWD IWR

Sowing to tillering (BBCH 00-29)
Mean 54.12 20.13

Z 0.56 −0.89
β 0.05 −0.14

Over-wintering
Mean 67.33 45.48

Z 0.29 0.17
β 0.04 0.05

Greening to maturity (BBCH 31-97)
Mean 366.05 256.49

Z −1.18 −0.75
β −0.43 −0.55

Whole growth period (BBCH 00-97)
Mean 486.58 321.53

Z −0.27 −0.88
β −0.09 −0.71

Note: CWD means crop water demand; IWR means irrigation water requirement; MK means Mann–Kendall.

For summer maize, the mean annual CWD varied from 302 to 417 mm with an average of 343 mm
(SD = 26 mm), and the mean annual IWR varied from 114 to 328 mm with an average of 213 mm
(SD = 46 mm) (Table 2). The CWD during the whole growth stage decreased significantly at a rate of
8.8 mm/decade. Similar decreasing trends also occurred during different growth stages; even significant
downward trends appeared during the sowing-to-jointing stage (BBCH 00-30) and the heading-to-milk
stage (BBCH 51-73). The IWR decreased significantly at a rate of 21.7 mm/decade over the whole
growth season, and significant decreasing trends that exceeded that of the CWD also occurred during
the different growth periods of summer maize. From 1971 to 2015, the IWR decreased significantly at
rates of 4.9, 6.2, 7.4, and 3.9 mm/decade during the different growth periods, respectively.

For cotton, the mean annual CWD varied from 482 to 628 mm with an average of 541 mm
(SD = 34 mm), and the mean annual IWR varied from 80 to 372 mm with an average of 185 mm
(SD = 67 mm) (Table 3). The CWD of the whole growth season for cotton decreased significantly at a rate
of 11.9 mm/decade, which was similar to the trend for summer maize. Decreasing trends also occurred
during the different growth stages; in particular, the CWD decreased significantly at a rate of 5.3 and
6.0 mm/decade during the sowing-to-flowering stage (BBCH 00-60) and the flowering-to-boll opening
stage (BBCH 60-81), respectively. The IWR decreased significantly at a rate of 14.9 mm/decade over the
whole growth season and at a rate of 11 mm/decade during the sowing-to-flowering stage (BBCH 00-60).
During the flowering-to-boll-opening stage (BBCH 60-81) and the boll-opening-to-maturity stage
(BBCH 60-81), the IWR decreased as well, but not significantly.
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Table 2. Average CWD, IWR, MK trends and Sen’s slope estimator β during the different growth stages
of summer maize.

Growth Stage CWD IWR

Sowing to jointing (BBCH 00-30)
Mean 73.09 51.21

Z −2.08 ** −2.55 *
β −0.23 −0.49

Jointing to heading (BBCH 30-51)
Mean 101.74 44.59

Z −1.11 −2.77 *
β −0.12 −0.62

Heading to milk (BBCH 51-73)
Mean 106.37 65.05

Z −2.49 * −3.10 *
β −0.34 −0.74

Milk to maturity (BBCH 73-97)
Mean 62.28 46.23

Z −1.52 −2.71 *
β −0.14 −0.39

Whole growth period (BBCH 00-97)
Mean 343.47 213.42

Z −3.14 * −3.98 *
β −0.88 −2.17

Note: CWD means crop water demand; IWR means irrigation water requirement; MK means Mann–Kendall;
* represents significant at the 0.01 level; ** represents significant at the 0.05 level.

Table 3. Average CWD, IWR, MK trends and Sen’s slope estimator β during the different growth stages
of cotton.

Growth Stage CWD IWR

Sowing to flowering (BBCH 00-60)
Mean 208.29 103.73

Z −3.04 * −2.02 **
β −0.53 −1.1

Flowering to boll opening (BBCH 60-81)
Mean 238.06 42.57

Z −2.47 * −0.98
β −0.6 −0.26

Boll opening to maturity (BBCH 81-97)
Mean 95.09 38.63

Z −1.46 −0.18
β −0.18 −0.03

Whole growth period (BBCH 00-97)
Mean 541.44 184.92

Z −3.16 * −2.04 **
β −1.19 −1.49

Note: CWD means crop water demand; IWR means irrigation water requirement; MK means Mann–Kendall; *
represents significant at the 0.01 level; ** represents significant at the 0.05 level.

3.2. Temporal Variation of Irrigation Water Requirement

To analysis the intra-annual and interannual variation in IWRs and the climate threats to IWRs,
we calculated the IWR volume based on the cropping area in 2000. Figure 3 shows the interannual
variation of IWR volume for winter wheat, summer maize, and cotton from 1971 to 2015. The average
annual total IWR volume varied from 97.0 × 108 to 210.7 × 108 m3, with an average of 146.9 × 108 m3

(SD = 25.2 × 108 m3). Precipitation was negatively correlated with total IWR volume (r = −0.61,
p < 0.01). The total IWR volume peaked in 1981 with a 91% annual precipitation frequency, and was the
lowest in 2003 with a 2% annual precipitation frequency. Of these three crops, winter wheat, which had
the largest planting area, was the largest water consumer, accounting for an average of 67.9% of the
total IWR volume. Although the CWD of summer maize (cotton) is the lowest (highest), the IWR
volume for summer maize exceeds that of cotton because summer maize had a larger planting area
than cotton.
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Figure 3. Interannual variation of IWR volume and precipitation from 1971 to 2015.

Figure 4. presents the intra-annual variation of IWR volume for winter wheat, summer maize,
and cotton from 1971 to 2015. Most of the IWR volume was concentrated from March to June and
the IWR volume during this period accounted for 75.4% of the total annual IWR volume of the study
area. March to May was the rapid growth stage of winter wheat and the IWR volume of winter wheat
during this growth period accounted for 64.9% of the total annual IWR volume from March to June.
Furthermore, cotton was sowed in April, and the IWR volume of cotton in April was much less than
that of winter wheat. The IWR volume gradually decreased after May. In June, although winter
wheat entered its maturity stage and its IWR volume was much less than in March, April, and May,
summer maize was sowed after the winter wheat was harvested and it needed sufficient water to
ensure its emergence of seedlings in June which had less rainfall. Cotton entered its budding stage in
June and also needed sufficient water to satisfy its high water requirements (its IWR volume in June
accounted for 15.4% of the total annual IWR for cotton). Starting in July, the IWR volume decreased
and most of the rainfall was concentrated in July and August, so the CWD of summer maize and
cotton could almost have been satisfied by rainfall (no irrigation water was needed when rainfall was
abundant). Starting in September, the IWR volume gradually decreased, for summer maize and cotton
gradually entered their maturity stage in September to October, respectively. In addition, winter wheat
was sowed in October and entered its initial growth stages in November and December, which resulted
in a much smaller IWR volume from October to December compared with other months.
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Figure 4. Average monthly IWR volume and precipitation from 1969 to 2015.
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3.3. Drought Analysis

As can be seen from Figure 5a, the SPEI values for the whole growth period of winter wheat were
all negative and 39 out of 45 years had SPEI values less than −0.5, which means that winter wheat
tended to suffer from drought in the study area. During the whole growth period of winter wheat,
drought afflicted the region with a probability of 93.6%, with light drought occurring at a ratio of
25.5%, moderate drought 27.7%, severe drought 25.5%, and extreme drought 14.9%. According to
the interannual variability of the SPEI values in different growth stages, light drought occasionally
occurred during the growth stage from October to November (Figure 5b) and from December to
February (Figure 5c). Drought during the stage from March to June occurred frequently with a high
probability of 91.5% (Figure 5d), especially severe drought and extreme drought occurred at a ratio of
19.1% and 27.7%, respectively.
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Figure 5. Interannual variability of SPEI during growth stage of winter wheat from 1971 to 2015:
(a) whole growth period; (b) October to November; (c) December to February; and (d) March to June.

Almost no droughts occurred during the whole growth period of summer maize, with the
exception that only 3 years had a SPEI value less than −0.5 (Figure 6a). According to the interannual
variability of SPEI values in different growth stages, drought often occurred in June (Figure 6b): light
drought occurred at a ratio of 21.3%, moderate drought 17.0%, severe drought 10.6%, and extreme
drought 14.9%. July and August were dominated by a humid climate and most of the SPEI values
for these two months were positive, even though there were four or five years with negative SPEIs,
only light drought occurred occasionally during these two months (Figure 6c,d). In September, 16 years
had negative SPEI values, but only the SPEI values in 1981 and 1998 were less than −1.0 (Figure 6e).
The occurrence probability of light drought was 10.6%, and for moderate drought it was 4.3%.

The occurrence probability of drought during the whole growth period of cotton was not high.
Although 18 out of 45 years had negative SPEIs, only 8 years had SPEIs less than −0.5 (Figure 7a).
Drought during the growth period of cotton occurred frequently from April to June (Figure 7b):
the occurrence probability of light drought was 25.5%, moderate drought 21.3%, severe drought 25.5%,
and extreme drought 21.3%. The growth stage from July to August was dominated by a humid climate,
and nearly all SPEIs were positive (Figure 7c). During the stage from September to October, nearly half
of the SPEIs were negative, but only the SPEI of 1998 was less than −1.0 (Figure 7d).
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Figure 6. Interannual variability of SPEI during growth stage of summer maize from 1971 to 2015:
(a) whole growth period; (b) June; (c) July; (d) August; and (e) September.
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Figure 7. Interannual variability of SPEI during growth stage of cotton from 1971 to 2015: (a) whole
growth period; (b) April to June; (c) July to August; and (d) September to October.
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4. Discussion

4.1. Limitation of Water Resources for Irrigation Water Requirement

Huayuankou Hydrological Station is located in the uppermost part of the Yellow River within the
study area. Thus, we used the annual and seasonal variation in runoff at the Huayuankou Hydrological
Station to analyze the water supply situation for winter wheat, summer maize, and cotton.

The water scarcity index (WSI) is defined by Raskin [38] as the ratio of IWR to runoff (IWR/R)
and was used to evaluate the water scarcity in the study area. The WSI from 1971 to 2015 varied from
0.22 to 1.22, with an average of 0.52 (Figure 8), which means that the study area suffered from severe
water scarcity. According to the mean annual WSI, the study area faced moderate scarcity for 10 years
(0.2 ≤WSI < 0.4) and severe scarcity for 35 years (WSI > 0.4). The WSI in 1997, 2000, and 2001 even
exceeded 1.0. Although the highest IWR volume was 210.7 × 108 and occurred in 1981, the WSI was
0.44. However, the IWR volumes in 1997, 2000, and 2001 were less than in 1981, and the WSIs for these
three years exceeded 1.0, which might be due to the drastic reduction of runoff from the Yellow River
(Figure 8).

WSI was different in different decades. In the period from 1971 to 1979, the average WSI was 0.44,
and it was 0.40 from 1980 to 1989, 0.60 from 1990 to 1999, and 0.69 from 2000 to 2009, which was the
highest WSI. Although the WSI dropped a bit since 2010 and the WSI was 0.44, the study area will
still face severe water scarcity because there is an increasing trend in WSI from 1971 to 2015, which is
significant at the 0.05 level.

Sustainability 2018, 10, x FOR PEER REVIEW    12  of  19 

0.22 to 1.22, with an average of 0.52 (Figure 8), which means that the study area suffered from severe 

water scarcity. According to the mean annual WSI, the study area faced moderate scarcity for 10 years 

(0.2   WSI < 0.4) and severe scarcity for 35 years (WSI > 0.4). The WSI in 1997, 2000, and 2001 even 

exceeded 1.0. Although the highest IWR volume was 210.7 × 108 and occurred in 1981, the WSI was 

0.44. However, the IWR volumes in 1997, 2000, and 2001 were less than in 1981, and the WSIs for 

these three years exceeded 1.0, which might be due to the drastic reduction of runoff from the Yellow 

River (Figure 8). 

WSI was different in different decades. In the period from 1971 to 1979, the average WSI was 

0.44, and it was 0.40 from 1980 to 1989, 0.60 from 1990 to 1999, and 0.69 from 2000 to 2009, which was 

the highest WSI. Although the WSI dropped a bit since 2010 and the WSI was 0.44, the study area 

will still face severe water scarcity because there  is an  increasing trend  in WSI from 1971 to 2015, 

which is significant at the 0.05 level. 

 

Figure 8. Annual variation in water scarcity index (WSI), IWR volume, and runoff at the Huayuankou. 

Hydrological Station from 1971 to 2015. 

Figure 9 compares  the monthly  IWR with  runoff. Because of  the seasonal distribution of  the 

runoff and of the IWR, severe water deficit often occurred in the study area in spring (from March to 

May) because  the  IWR exceeded the runoff during these three months and the WSI exceeded 1.0. 

March to May is the key stage for the production of winter wheat, so water deficit during this period 

can significantly reduce the yield of winter wheat. Zhang et al. [39] reported that drought occurring 

from March to May could reduce the winter wheat yield by 3.93%–24.84%. Although the IWR in June 

was  less  than  the  runoff,  the  study  area often  encountered  severe water  scarcity,  for  the  annual 

average WSI in June was 0.91. June is the seeding stage of summer maize and irrigation during this 

stage  is  the  foundation  for high production of summer maize  [40]. April  to  June  is  the period  for 

cotton seeding and budding, so severe water deficit during this period also could reduce the growth 

and production of cotton [41]. During the other months, no water shortages occurred because the 

IWR was less than the runoff and the WSI was often less than 0.2. 

0

100

200

300

400

500

600

700

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 2011 2015

IW
R

 v
ol

u
m

e 
an

d
 R

u
n

of
f 

(1
08

m
3 )

W
S

I

Year

WSI IWR Runoff

Figure 8. Annual variation in water scarcity index (WSI), IWR volume, and runoff at the Huayuankou.
Hydrological Station from 1971 to 2015.

Figure 9 compares the monthly IWR with runoff. Because of the seasonal distribution of the
runoff and of the IWR, severe water deficit often occurred in the study area in spring (from March
to May) because the IWR exceeded the runoff during these three months and the WSI exceeded 1.0.
March to May is the key stage for the production of winter wheat, so water deficit during this period
can significantly reduce the yield of winter wheat. Zhang et al. [39] reported that drought occurring
from March to May could reduce the winter wheat yield by 3.93%–24.84%. Although the IWR in June
was less than the runoff, the study area often encountered severe water scarcity, for the annual average
WSI in June was 0.91. June is the seeding stage of summer maize and irrigation during this stage is the
foundation for high production of summer maize [40]. April to June is the period for cotton seeding
and budding, so severe water deficit during this period also could reduce the growth and production
of cotton [41]. During the other months, no water shortages occurred because the IWR was less than
the runoff and the WSI was often less than 0.2.
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Figure 9. Monthly variations of WSI, IWR volume, and runoff at the Huayuankou Hydrological Station.

To analyze how climate threats may affect IWR, we analyzed the above results without considering
changes in crop acreage. In fact, the acreage of different crops changes from year to year. For example,
the acreage of winter wheat and summer maize increased significantly from 1981 to 2015, and the
acreage of cotton decreased (Figure 10). The total IWR volume tended to increase from 1981 to 2015
when considering changes in crop acreage, whereas it tended to decrease when considering only
climate change (Figure 11). Thus, in the study area, the water supply situation for irrigation was
actually more severe than reported above.
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Figure 10. Variation of acreage of different crops from 1981 to 2015 (crop acreage data from the Henan
statistical yearbook from 1982 to 2016 and the Shandong statistical yearbook from 1982 to 2016 [19,20]).
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Figure 11. IWR volume with and without considering changes in crop acreage.

4.2. Relationship between SPEI and IWR

The IWR of different crops was affected mostly by the CWD and precipitation [15,18]. Pirmoradian
and Davatgar [42] used the reconnaissance drought index (RDI), which is based on the ratio of
cumulative precipitation to cumulative PET, to analyze the drought conditions during the whole
growth season of rice, and the IWR of rice was forecasted based on the relationship between IWR and
RDI. The SPEI was estimated based on the difference between monthly precipitation and PET, so the
relationship between SPEI and IWR can also be used to forecast the IWR of different crops.

With respect to duration of the different growing seasons of different crops in the study area,
the SPEI was calculated at different timescales for the period from 1971 to 2015 (1 to 12 months)
to analyze the relationship between SPEI and IWR based on the nonparametric Spearman’s Rank
Correlation test. The results show that the IWR is negatively correlated with the SPEI, which means
that a higher SPEI corresponds to a lighter degree of drought, which translates into a smaller IWR.

According to the Spearman correlation analysis, the SPEI, which has the best correlation with IWR
during the different growth stages of the different crops, was calculated; the corresponding correlation
coefficients appear in Tables 4–6. To quantify the impact of climate threats on IWR, we use a regression
analysis between the IWR and the most closely related SPEI based on SPSS. and the relationship
between them is expressed by regression equations shown in Tables 4–6.

The relationship between the SPEI and IWR of different crops shows that the correlation coefficient
between SPEI and IWR is most affected by the use of effective precipitation. The correlation coefficient
between SPEI and IWR increased with increasing effective precipitation because an increase in effective
precipitation makes it easier for the IWR to be affected by meteorological factors. The effective
precipitation during the growth period of winter wheat was much less than that for summer maize
and cotton, so the correlation coefficients between the SPEI and IWR of winter wheat are slightly less
than that for summer maize and cotton.

Table 4. Relationship between SPEI and IWR during different growth stages of winter wheat.

Growth Stage Regression Equation Correlation Coefficient

Sowing to tillering IWR = −19.342 ×SPEI3-11 + 21.986 −0.609
Over-wintering IWR = −18.268 ×SPEI3-12 + 12.600 −0.671

Greening to maturity IWR = −64.861 ×SPEI2-12 + 282.376 −0.464
Whole growth period IWR = −80.842 ×SPEI2-12 + 312.216 −0.504

Note: SPEI in different regression equations is the SPEI which has the highest correlation with the IWR during the
different growth stages of winter wheat.
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Table 5. Relationship between SPEI and IWR during different growth stages of summer maize.

Growth Stage Regression Equation Correlation Coefficient

Sowing to jointing IWR = −10.485 ×SPEI1-6 + 27.408 −0.668
Jointing to heading IWR = −22.672 ×SPEI2-7 + 61.166 −0.833

Heading to milk IWR = −17.560 ×SPEI2-8 + 48.254 −0.749
Milk to maturity IWR = −12.136 ×SPEI3-9 + 31.971 −0.608

Whole growth period IWR = −52.267 ×SPEI3-8 + 173.339 −0.886

Note: SPEI in different regression equations is the SPEI which has the highest correlation with the IWR during
different growth stages of summer maize.

Table 6. Relationship between SPEI and IWR during different growth stages of cotton.

Growth Stage Regression Equation Correlation Coefficient

Sowing to Flowering IWR = −59.581 ×SPEI3-6 + 100.592 −0.802
Flowering to Boll opening IWR = −26.881 ×SPEI3-8 + 76.216 −0.826
Boll opening to Maturity IWR = −17.226 ×SPEI3-9 + 44.308 −0.691

Whole growth period IWR = −47.936 ×SPEI5-8 + 269.344 −0.830

Note: SPEI in different regression equations is the SPEI which has the highest correlation with the IWR during
different growth stages of cotton.

For optimum water resources management, water allocation for irrigation should be preplanned.
Given the relationship between the SPEI and IWR, the IWR of different crops can be estimated based
on the SPEI. The SPEI can be calculated for different timescales, then the IWR of whole growth periods
and even of different growth stages can be estimated, which provides useful information for water
resources management. Thus, in the future, the SPEI can be predicted based on the mid- or long-term
weather forecasts, following which the water allocation for irrigation can be planned on different
timescales; for example, 1-month, 3-month, or 12-month, to meet the crop water requirement for the
whole growth period or for different growth stages.

4.3. Comparison with Similar Studies

In this work, we used the product of the crop coefficient and PET to estimate the CWD of
winter wheat, summer maize, and cotton, and the IWR of these three crops were calculated based
on the difference between the given CWD and the effective precipitation. To properly preplan the
water allocation for irrigation, we analyzed herein the temporal variation of the CWD and IWR
during the whole growth periods, and even during the different growth stages of different crops.
However, most comparable studies concentrated on the CWD and IWR of the whole growth periods of
different crops. For example, Wu et al. [10] studied the temporal variation of the IWR for the winter
wheat–summer maize rotation system from 1982 to 2012 in the North China Plain and analyzed the
IWR during the whole growth seasons of winter wheat and summer maize. Yang et al. [43] provided
the temporal variation of the CWD and IWR under the effects of climate change over the whole growth
season of summer maize in the HHH plain. Huang et al. [44] also studied the temporal variation of the
CWD over the whole growth season of winter wheat, summer maize, and cotton in the HHH plain.
Yet, there are few studies on the temporal variation of the CWD and IWR during the different growth
stages of various crops.

The results of the present study show that the CWD and IWR of different crops decreased from
1971 to 2015. Thus, the results of our temporal analysis for the CWD and IWR of different crops are
consistent with previous results. Zhou et al. [45] detected decreasing trends for the CWD of winter
wheat, summer maize, and cotton from 1981 to 2010 in the Henan Province of China, and Zhang [46]
reported that the IWR throughout the whole growth season of winter wheat and summer maize
both decreased from 1966 to 2010 in the Yellow River Basin. Similar results were obtained in other
studies [10,43,45].
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The present study calculates the SPEI at different timescales to analyze the drought conditions of
different crops. The results show that drought mainly occurred from March to June; that is, drought in
this study area tended to occur mostly in the spring and early summer. Similar results were reported
by previous studies. Li et al. [47] reported that drought occurred most frequently in spring (from
March to May) in the Henan Province of China. Li. et al. [30] also reported that spring drought was the
most predominant in the HHH plain, and Xue et al. [48] also reported that the occurrence probability
of drought was the greatest in the early summer in the HHH plain.

5. Conclusions

This study quantifies the temporal changes of the CWD and IWR under the impact of climate
change and analyzes the conflict between water supply and irrigation water demand to understand
the water supply situation for the main crops in this area.

(1) The CWD and IWR for winter wheat, summer maize, and cotton all decreased from 1971 to 2015.
Based on the cropping area in 2000, the average annual total IWR volume was 131.7 × 108 m3,
and precipitation was negatively correlated to total IWR volume. Most of the IWR volume
was concentrated from March to May, accounting for 66.6% of the total annual IWR volume.
Considering the water consumption and planting area of different crops, winter wheat was the
largest water consumer, accounting for an average of 67.9% of the total IWR volume.

(2) Winter wheat tended to be afflicted by drought during its whole growth period because droughts
occurred frequently from March to June. However, drought almost never occurred over the
whole growth period of summer maize. During the growth season of cotton, cotton tends to
suffer from drought from April to June.

(3) The water supply situation for winter wheat, summer maize, and cotton is severe. From 1971
to 2015, the study area faced moderate scarcity for 10 years and severe scarcity for 35 years.
The results were analyzed without considering changes in the planting area of different crops.
In fact, given the increase in the total planting area of winter wheat, summer maize, and cotton,
the total IWR volume since 1981 tended to increase, which means that, given the decreasing
runoff from the Yellow River Basin expected in the future, the water supply situation will be even
more severe.

(4) Severe water deficit occurred mainly from March to June, which is consistent with the high
occurrence of drought during these months No water shortage occurred during the other
months. To ensure the safe growth of different crops and make the best use of water resources,
water allocation for irrigation during different growth periods can be preplanned based on the
relationship between the SPEI and IWR, which would allow the water deficit to be satisfied
through reservoir regulation and storage.
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