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Climate change has signiﬁcantly altered the temperature rhythm which is a key factor for the growth and
phenophase of the crop. And temperature change further aﬀects crop water requirement and irrigation
system. In the north-west of China, one of the most important crop production bases is Heihe River basin
where the observed phenological data is scarce. This study thus ﬁrst adopted accumulated temperature
threshold (ATT) method to deﬁne the phenological stages of the crop, and analysed the eﬀect of climate
change on phenological stages and water requirement of the crop during growing season. The results
indicated the ATT was available for the determination of spring wheat phenological stages. The start
dates of all phenological stages became earlier and the growing season length (days) was reduced by
7 days under climate change. During the growing season, water requirement without consideration of
phenophase change has been increased by 26.1 mm, while that with consideration of phenophase change
was featured in the decrease of water requirement by 50 mm. When temperature increased by 1◦ C on
average, the changes were featured in the 2 days early start date of growing season, 2 days decrease of
growing season length, and the 1.4 mm increase of water requirement, respectively.

1. Introduction
Global climate has been experiencing a time of
warming characterised change over the past century (IPCC 2007). This can be traced from the
change of crop phenophase which in turn disrupts
the balance between water supply and demand in
agriculture (General Oﬃce of the State Council of
the People 2008). The research of phenophase has
been a hot issue for regional agricultural production, irrigation management and terrestrial ecosystems management (Feng et al. 2004; Xiao et al.
2007). In consideration of the unique geographical
location (lack of phenological data) and important

status in agricultural production, Heihe River
basin in the northwestern China was selected as
study area. Crop phenophase can better reveal the
responsive mechanism of crop water requirement to
climate change, and also clarify the water requirement change mechanism under the impact of crop
phenophase, which thus provides a scientiﬁc reference for the protection of food security and optimal
water sources management in Ningxia, Gansu and
Inner Mongolia.
Recent studies on climate change on crop growth
phenophase have concentrated on the response of
temperature to climate change. These studies usually took plenty of phenological observation data as
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reference and investigated crop phenophase change
by analysing the thermal condition of crop growth.
Although the research method adopted by these
studies were extensively applied and proved in
manyﬁelds (Rosenzweig et al. 1994; Mei et al. 1998;
Jia and Gao 2009; Juan et al. 2009; Nelson et al.
2009), the application was limited to some extent
in many areas without observed phenology data.
With respect to crop water requirement under
climate change, these studies tend to limit their
research to three respects (Todico et al. 2007;
Xiang et al. 2008; Feng et al. 2009; Ping et al.
2009), i.e., require a great number of phenological
observational data, the impact of climate change on
phenological stages and growing length of crop, and
the impact of phenophase change on crop water
requirement.
In this study, we aim to: (1) explore the
applicability of accumulated temperature threshold
(ATT) recorded in crop growing period to compensate the insuﬃciency of phenological observational
data, (2) analyze the variation of the crop phenological stage and the crop growing season under
the impact on climate change, and (3) simulate the
quantity evolution of crop water requirement impacted by climate change. Thus, this study proposed
a new approach to analyse crop phenopahse during
crop growing season in some regions without
enough observed data and further simulate the
crop phenopahse change and crop water requirement with the increasing temperature.

2. Materials and methods
2.1 Study area
Heihe River basin is located at ∼98–102◦ E and
∼37–42◦ N, and it is the second longest continental
river in China, covering an area of 14,290 km2 . The
river originates from the Qilian Mountain in Qinghai Province, ﬂowing through Qinghai Province
and Gansu Province and ending in Inner Mongolia. On the upstream reaches of Heihe River, the
annual mean temperature is less than 2◦ C and
annual mean precipitation is close to 350 mm. On
the middle reaches of Heihe River, the annual precipitation is only 140 mm, and annual mean temperature ranges from 6 to 8◦ C. While the annual
sunshine duration ranges from 3000 to 4000 hrs, the
annual evaporation is as high as 1410 mm (Yang
et al. 2008; Wang et al. 2015). On the downstream
reaches, the annual precipitation is only 47 mm,
and with the annual sunshine duration being 3446
hrs, the annual evaporation is as much as 2250 mm
(Yang et al. 2008; Wang et al. 2015).
Heihe River basin is a representative basin in the
continental river basin, wherein irrigated agriculture is the main kind of agriculture. Wheat and
maize are the main crops planted in the Heihe
River basin, among which wheat accounts for more
than 50% of all cereal crops in this area. The main
planting areas are mostly distributed in the midstream of the basin like Jinta, Jiuquan, Zhangye

Figure 1. Location and topography of the study area.
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and Shandan (ﬁgure 1), so the middle reaches is one
of the important bases of food and vegetable production in western China. Among the crops planted
in the basin, wheat is sowed on around March 20th
and harvested on around July 20th, with 120 days
of growth period, generally. Looked from relevant
provinces’ local chronicles, the cultivation of wheat
is the largest acreage and highest output in Heihe
River basin during the 1980s and 1990s, especially
in the intercropping pattern of wheat and maize.
High crop water requirement and shortage of available water resources have reduced the crop acreage
in recent years.
2.2 Data
In this study, the data were collected from three
sources: meteorological data, including precipitation, wind speed, atmosphere pressure, relative humidity, average temperature, maximum and
minimum temperature and number sunshine hours,
were acquired from the China Meteorological Science Data Service. Then this paper collected from
daily meteorological data from 15 meteorological stations during the period of 1961–2010 growing seasons. The phenology data, which was from
China Crops Growth Information, including start
date, end date of crop phenological stages and
the growing season length, were obtained from the
agriculture observatory during 1 January 1961–31
December 2010. And the digital elevation model
Table 1. The ATT greater than 10 ◦ C for diﬀerent growth
stages during the wheat growing season.
Crop
Spring wheat

Stage

Threshold (◦ C)

Sowing–seedling
Seedling–tillering
Tillering–jointing
Jointing–heading
Heading–dough

102
200
295
380
700

16

(DEM) were obtained from National Topographic
Data in China.
2.3 Phenological stages division
The most suitable time for wheat sowing is when
the daily average temperature is greater than 7◦ C
(Jia and Gao 2009). Taking into account the actual
weather condition of the research area, this study
took the sliding average temperatures of 5 consecutive days as the index to deﬁne the start date
and end date of the crop growing stage (Yan et al.
2011). Thus, an accumulated temperature (AT)
greater than 10◦ C (given in table 1) was the beginning of wheat growing. When AT was up to 102◦ C,
it was the start date of the wheat seedling stage,
and the AT value was selected as the threshold
of seedling stage. Similarly, 302◦ C was the threshold of wheat tillering stage, the temperature of
AT identiﬁed for wheat jointing stage, heading
stage and dough stage were 597, 977 and 1677◦ C,
respectively (Lu and Wang 1965).
With regard to response to climate change, the
result of temperature forecasting was more precise than other meteorological elements (Qing et al.
2007) (e.g., precipitation) and temperature is one
of the key elements aﬀecting crop growth. Therefore, this study took temperature mutation points
as the basis of time division. In the Heihe River
basin, abrupt changes in temperature measured
by the Mann–Kendall method (Sheng et al. 2002)
occurred in 1991, with signiﬁcance test of a=0.05
(ﬁgure 2). The contribution of climate change to
temperature was variable. There was little change
in temperatures during 1961–1991, yet there was
a signiﬁcant change during 1992–2010. Thus, this
study deﬁned the period 1961–1991 as the base
period and 1992–2010 as comparison period 1 with
the impact of climate change on crop phenophase.
Also, in order to give a better illustration of the
importance of the impact of phenophase change on

Figure 2. The trend of temperature analyzed by Mann–Kendall method.
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crop water requirement, this study further deﬁned
the period 1992–2010 as comparison period 2,
without consideration of phenological change.

2.4 Climatic tendency rate
To quantitatively analyse the variation of wheat
phenophase, this study adopted the climate tendency rate (Li et al. 2011).
n
n
n
n × j=1 (j × Pij ) − j=1 j × j=1 Pij
θi =
,

2
n
n
n × j=1 j 2 −
j
j=1
(1)
where n is the number of years of analysed period;
Pij is the value of ith year of ith statistic characteristics; θi is the slope of ith statistic characteristics tendency curve; θi > 0 indicates phenophase
changes behind schedule and θi < 0 indicates
phenophase changes ahead of schedule.

2.5 Crop water requirement
Crop water requirement was calculated by the
method of water balance, which also could be
obtained by a comprehensive approach of climatology. As the great demand data required for
applying water balance method is difficult to obtain,
the comprehensive method is widely used. In this
regard, reference is made to the formula recommended by the Food and Agriculture Organization
of United Nations (FAO) for crop water requirement during the crop growing season (Allen et al.
1998; Yin et al. 2012):

The method to calculate ET O was ﬁrst put
forward by Penman in 1948 (Penman 1948). After
several modiﬁcations, this method was estimated
and made to the formula recommended by FAO to
simulate the ET O (Allen et al. 1998; Mcvicar et al.
2012). Previous research results showed the simulation of the model was more accurate and had
been widely used around the world. And the application of this model has been well in Heihe River
basin based on the achievements from domestic and
foreign scholars (Wang et al. 2012).
The Penman–Monteith equation as formulated
by Allen et al. (1998) for the calculation of daily
ET O (mm per day) is
ET O =
0.408Δ(Rn −G)+γ(900/(Tmean +273))μ2 (es −ea)
, (3)
Δ + γ(1 + 0.34μ2 )
where ETO is the evapotranspiration (mm per
day); Tmean is the average daily air temperature
(◦ C), Rn is the net radiation at the crop surface
(MJm−2 per day); G is the soil heat ﬂux (MJm−2
per day), 900 is the conversion factor, Δ is the
slope of the vapor pressure curve (kPa · ◦ C−1 ), γ is
the psychometric constant (0.054 kPa · ◦ C−1 ), μ2 is
the wind at 2 m height (m·s−1 ), and (es − ea ) the
vapour pressure deﬁcit (kPa ).
3. Results and discussion
3.1 Application of the accumulated temperature
threshold method

where ET P is the water quantity required by the
crop (mm per day) with abundant water supply,
KC is the crop coeﬃcient in diﬀerent phenological
phase, mainly referred to the result (table 2) calculated in the reference (Li et al. 2009), and ET O ,
is the reference crop evapotranspiration (mm per
day).

It can be summarised from table 3, using the
method of accumulated temperature threshold
(ATT), that the simulated average sowing date of
wheat was suitable from March 21 to 27 which varied no more than 4 days when compared with the
observation (from March 25 to 30). The seedling
date ranged from April 14 to 20, and the tillering date was from April 30th to May 6th, both of
which were within the usual margins of error. Similarly, through the analysis of the jointing date, the
heading date and the wax ripeness date calculated

Table 2. Crop coefficient for different growth stages
during the wheat growing season.

Table 3. Comparative analysis the growth stages calculated
by ATT and the observations (OBS).

Crop

KC

Crop

0.32
0.48
0.76
1.05
0.84
0.84

Spring wheat Sowing
Seedling
Tillering
Jointing
Heading
Wax ripeness

ETP = KC × ETO ,

Spring wheat

Stage
Sowing–seedling
Seedling–tillering
Tillering–jointing
Jointing–heading
Heading–wax ripeness
Growing season

(2)

Stage

ATT

OBS

3/21∼3/27
4/14∼4/20
4/30∼5/6
5/15∼5/21
6/5∼6/11
7/22∼7/28

3/25∼3/30
4/18∼4/23
5/5∼5/10
5/24∼5/29
6/13∼6/18
7/17∼7/22
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by ATT, all of the errors were within the regulated
criteria of error.
Therefore, the ATT method was applicable for
the division of phenological stages during the growing season. In the following sections, this study
adopted the approach of ATT to evaluate the
impact of climate change on change of phenological stages and water requirement for spring wheat
during the base period, comparison period 1 and
comparison period 2, respectively.
3.2 Impacts of climate change on phenological
stages for spring wheat
This section mainly analysed the eﬀects of climate
change on the phenological stages and the growing season length of spring wheat. In terms of the
phenological stages, the results indicated that all
of the beginning dates of phenological stages were
advanced to diﬀerent extents. According to above,
sowing date during the base period was between
March 25th and 27th with comparison period 1
advanced by 10 days on average, and sowing date
of multi-year average was between March 17th and
19th. Seedling date during the base period was during April 22–24 with comparison period 1 advanced
by 10 days on average, that was the same data
as that of multi-year average. During the base
period, the tillering stage, jointing stage, heading
stage and wax ripeness stage were from May 8th
to 10th, from May 28th to 30th, from June 17th to
19th and from July 20th to 21st, respectively, with
comparison period 1 advanced by 12 days, 13 days,
14 days and 17 days, respectively (table 4).

For the length of the wheat growth period, days
of diﬀerent stages varied slightly over the comparison period 1 (aﬀected by climate change), when
compared with the base period. On an average, for
many years, the days represented a slightly lower
than those during the base period. According to
that, under climate change, the sowing–seedling
stage and the tillering–jointing stage remained
unchanged with 28 days and 18 days, respectively.
However, the seedling–tillering stage, the jointing–
heading stage and the heading–dough stage were
shortened from 16, 22 and 32 days to 15, 19 and 29
days, respectively. Therefore, in the length of the
wheat growing season, there was a 7-day reduction
with the eﬀects of climate change (table 5).
3.3 Impacts of climate change on water
requirement for spring wheat
Based on the result from the previous section
that the growing season length of spring wheat
was shortened by 7 days, it can be inferred that
the days of water requirement was also shortened
by 7 days. Therefore, the water requirement of
the growing season during comparison period 1
was decreased by 50 mm (11.5%) compared with
that during the base period. Changes of water
requirement at diﬀerent stages showed that at the
sowing–seedling stage, the value of wheat water
requirement was 35.1 mm during the base period
and that it decreased by 17.4% during comparison period 1. At the seedling–tillering stage, the
value of wheat water requirement was 39.1 mm
during the base period, and this decreased by 8.4%

Table 4. Variation of the phenological stages for spring wheat in diﬀerent scenarios.
The form of a/b represents month/day.
Crop
Spring wheat

Base
period

Comparison
period 1

Multi-year
average

3/25∼3/27
4/22∼4/24
5/8∼5/10
5/28∼5/30
6/17∼6/19
7/20∼7/21

3/15∼3/17
4/12∼4/14
4/27∼4/29
5/15∼5/17
6/3∼6/5
7/2∼7/4

3/17∼3/19
4/12∼4/14
4/28∼4/30
5/17∼5/19
6/5∼6/7
7/6∼7/8

Stage
Sowing
Seedling
Tillering
Jointing
Heading
Wax ripeness

Table 5. Variation of the length of phenological stages and growing season for spring
wheat in diﬀerent scenarios. The unit of every number is day(s).
Crop
Spring wheat

Stage
Sowing–seedling
Seedling–tillering
Tillering–jointing
Jointing–heading
Heading–wax ripeness
Growing season

16

Base
period

Comparison
period 1

Multi-year
average

28
16
18
22
32
116

28
15
18
19
29
109

26
16
17
21
31
111
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Table 6. Water requirements of various phenological stages and growing season for
spring wheat in diﬀerent scenarios. The unit of number is mm.
Crop

Stage

Base Comparison Comparison Multi-year
period
period 1
period 2
average

Spring wheat Sowing–seedling
35.1
Seedling–tillering
39.1
Tillering–jointing
75.1
Jointing–heading
138.4
Heading–wax ripeness 147.1
Growing season
434.8

during comparison period 1. Also, the decrease
of water requirement at tillering–jointing stage,
jointing–heading stage and heading–wax ripeness
stage were 6.8%, 20.3% and 4.9%, respectively
under the impact of climate change (table 6).
The value of water requirement was rising at most
of the phenological stages during the comparison
period 2 compared with that during base period.
Without consideration of phenophase change, there
was signiﬁcant increase in water requirement at
every growing stage. The length of growing season during comparison period 2 was 7 days more
than the growing season length during comparison
period 1 (table 6).
3.4 Prediction on water requirement for spring
wheat under climate warming
With the continuous development and maturity
of the regional climate prediction model, many
scholars have predicted the future climate change
scenarios in China. In the National Assessment
Report on Climate Change, the temperature was
predicted under the four scenarios, GG, GS, A2,
B2, in the 21st century, and the result showed
that the average temperature over China would
rise by ∼1.1–2.1◦ C, by 2020 (Li et al. 2007). The
warming trend in northwest China increased significantly and the tendency was ∼4–6◦ C/100a, which
was slightly higher than those of the global and
China (Xu et al. 2003). On the foundation of previous research ﬁndings on change of crop phenological stage aﬀected by temperature, this section was
focused on analysing the impact of future warming
on the crop phenophase and water requirement in
the Heihe River basin.
Therefore, to predict phenological stage duration
and water requirement of the crop under climate
warming, this paper adapted ﬁrstly ATT method
to determine each phenological stage duration,
then analysed the change of phenological stage
duration compared with those during base period
that was the eﬀect of climate warming on phenological stage duration. Afterwards, equations 2
and 3 were used to estimate the length of each

29.0
35.8
70.0
110.2
139.9
384.7

36.8
44.6
69.4
130.2
179.9
460.9

27.9
35.9
67.2
123.1
147.5
401.6

phenological stage and the quantity of water
requirement with the consideration of climate
warming.
3.4.1 Prediction on the change of spring wheat
phenological stages
Using the results of previous researches on
temperature prediction and response of crop phenological stage to climate change (Mu et al. 2014;
Wang 2008; Rong et al. 2014), this study adopted
the approach of ATT and numerical simulations to
quantitatively analyse the change of crop phenological stages under climate change.
With the increasing temperature, the beginning
date of each phenological stage had diﬀerent degrees of advance, and the growing season length
was shortened as a whole. Speciﬁcally, during the
duration time from sowing to seedling, the beginning date increases linearly and the growth length
decreased signiﬁcantly along with the rise of temperature. The duration, time from seedling to
tillering, from tillering to jointing and from jointing to heading, was approximately 18, 18, and
19 days, respectively, which were unchanged, basically. Although, the days during the period of
heading to wax ripeness reduced signiﬁcantly.
Therefore, the temperature increased by 1◦ C on
average, the beginning date of growth period was
2 days in advance and the growing season length
was shortened by 2 days (table 7).
3.4.2 Prediction on the change of spring wheat
water requirement
Under the context of climate warmth, crop water
requirement in each phenological stage was obviously diﬀerent (Liu et al. 2004; Wang et al. 2011;
Li 2013; Wang 2014). With the increase of temperature, the amount of water requirement was
decreased in the stage of sowing to seedling,
while that in the stage of seedling–tillering was
increasing, on average. Similarly, in both of the
tillering–jointing stage and the jointing–heading
stage, the amount of water requirement were
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Table 7. Change of phonological sages for spring wheat with increasing temperature
in Heihe River basin. A represents the advanced days and L represents the length
of phenological stage.

Temperature
Stage
Sowing–seedling
A
L
Seedling–tillering
A
L
Tillering–jointing
A
L
Jointing–heading
A
L
Heading– wax
A
ripeness
L
Growing season
A
L

0

0.5

0
24
0
18
0
17
0
19
0
38
0
116

1
25
0
17
1
20
–2
19
–2
33
3
114

1

1.5

2
3
25 23
1
4
15 17
4
5
20 19
1
3
19 19
1
3
30 20
9 12
109 107

2

2.5

4
5
22 20
6
9
18 19
6
8
18 17
5
8
19 20
5
7
28 28
15 17
105 104

3

3.5

6
7
19 18
11 13
19 19
10 12
17 18
10 11
19 18
10 12
27 28
21 22
101 101

4
8
18
14
18
14
18
13
17
15
29
24
100

Table 8. Change of spring wheat water requirement with increasing temperature in Heihe
River basin. WR represents the value of water requirement and the unit is mm.
Temperature
Stage
Sowing–seedling
Seedling–tillering
Tillering–jointing
Jointing–heading
WR

25.2
39.7
68.5
112.5

24.3 24.6 22.3 21.1 19.1 18
17
38.5 34.5 38.7 41.2 42.5 42.4 41.9
83.1 84.3 82.4 80
76.7 77.7 84
97.9 117.2 119.9 122.2 131.3 127.3 123.4

17
39.5
84.6
120.3

Heading–wax ripeness
Growing season

182.9 177.2 154.6 154.1 153.9 157.2 155.6 165.8
428.9 421 415.2 417.4 418.5 426.8 421 432.1

174.6
436.1

0

0.5

increased gradually. The water requirement in the
heading–wax ripeness stage was simulated to be
reduced on average. During the growing season of
spring wheat, the water requirement increased in
general. According to the relation of temperature
to water requirement, if the average temperature
increased by 1◦ C, the water requirement during
the growing season would be increased by 1.4 mm
(table 8).

4. Conclusions
This study proposes a new approach of ATT
method to analyse crop phenophase in regions
where there is a lack of observational phenological
data. And having been veriﬁed, the approach was
applicable to divide the crop phenophase during
the growing season in Heihe River basin as all of the
errors were within the regulated criteria of error.
Based on the above research results, we draw the
main conclusions, including the following aspects.
Firstly, this study used the method of M–K test
to deﬁne two periods, the base period without

1

1.5

2

2.5

3

3.5

4

climate change from 1961 to 1991, and the comparison period with climate change from 1992 to
2010. The comparison period of spring wheat consisted of the comparison period 1 with the change
of crop phenopahse, and the comparison period
2 without the change of crop phenophase. Next,
this study analysed the variation of phenological
stages, the growing length and water requirement for spring wheat under climate change. The
results indicated that all of the beginning dates of
phenological stages have been advanced to diﬀerent
extents, but the length of growing season was
reduced by 7 days with climate change. During
the crop growing season, the water requirement
in the comparison period 1 was obviously reduced
by 50 mm (11.5%) compared to the base period
while water requirement in comparison period 2
was increased by 26.1 mm (6.0%) compared to
the base period. We argued that the diﬀerence
was partly due to the change of crop phenophase
under the impact of climate change. Speciﬁcally,
under the climate change, the water requirement
at sowing–seedling stage, the seedling–tillering, the
tillering–jointing, the jointing–heading and at the
heading–wax ripeness stage were decreased by
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17.4%, 8.4%, 6.8%, 20.3% and 4.9%, respectively,
compared to the base period.
Based on the previous research on climate
warming in the future, in this study, a numerical simulation was adopted to predict the change
of phenophase and water requirement for spring
wheat with rising temperature. We concluded that
the temperature increased by 1◦ C on average, the
beginning date of growth period was 2 days in
advance, the growing season length was shortened
by 2 days, and the water requirement increased by
1.4 mm during the growing season. These results
provide reference both for improving irrigation
scheduling and for the planning water requirement
at the basin scale, especially where there were lack
of phenological observations.
Also, there are limitations/assumptions in the
study. Irrigation, inevitably, caused the dramatic
change of soil moisture content, but this paper
adopted the comprehensive approach of climatology to calculate crop water requirement without
consideration of soil water conditions (under the
circumstance of enough soil water). The evapotranspiration estimation model of the Penman–
Monteith equation should be parameterised
properly. In addition, this study only considered
temperature change under the future scenario of
climate change, which could lead to a greater
uncertainty of the prediction on crop water requirement. And also, the results of crop water requirement were the average of the values of many years
simulated by diﬀerent climate change scenarios.
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