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Thermal condition changes largely affect crop phenology, cropping systems and crop
field. In this study, we used long-term (1961–2015) annual accumulated temperature
≥10 �C (AAT10) derived from daily gridded air temperature to investigate the poten-
tial implication of AAT10 changes for regional agriculture development in the Loess
Plateau (LP). Results showed that an elevation-dependent spatial pattern of AAT10
was observed. Southeastern LP with low elevation had higher AAT10 and western LP
with high elevation had lower AAT10. Across the LP, the start date of 5-day moving
average temperature (T) ≥10 �C (SDT10) showed significantly advanced trends
(p < 0.05), and length of durations of T ≥ 10 �C (LDT10) and AAT10 both
showed significantly increased trends (p < 0.05) in the past 55 years. Yet signifi-
cantly delayed end date of T ≥ 10 �C (EDT10) was not observed. Compared with
EDT10, STD10 contributed more to variations of LDT10 (R2 = 0.76, p < 0.01)
and AAT10 (R2 = 0.64, p < 0.01). Besides, this study found that increased tem-
perature in corresponding LDT10 was also responsible for AAT10 increase. Spring
temperature contributed more to AAT10 increase relative to autumn and summer tem-
perature. Importantly, area of warm temperate zone (AAT10 ranging
3,400–4,500 �C�day) across LP increased from 21.0% in 1960s to 50.3% in
2000–2015 due to climate change. These findings suggest that most LP, especially in
regions with good soil conditions and sufficient water resources, had a large potential
to develop new cropping systems with two crops per year, which will be helpful for
optimizing regional land use and providing decisions on agricultural management.
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1 | INTRODUCTION

Climate change has largely increased surface air temperature
at the regional and global scales. Air temperature of the terres-
trial surface has increased 0.65 �C since 1880 (IPCC, 2013;
Ma et al., 2017). In China, surface air temperature has
increased 1.1 �C in the past five decades (Tang and Ren,
2005; Ding et al., 2007; Dong et al., 2009). Warming tempera-
ture and its effect cause high attentions of many studies.
Recently, some studies have reported that warming tempera-
ture largely affects crop growth (Tubiello et al., 2000; Jalota
et al., 2012; Abbas et al., 2017; Hu et al., 2017). For example,

using observed data of 82 agrometeorological stations in
China, Hu et al. (2017) suggested that climate warming in
China shortened rice growth duration length and advances in
the planting date or adoptions of new cultivars with longer
growth duration length were feasible adaptations in the context
of climate change. The study of Abbas et al. (2017) indicated
that warming temperature advanced the dates of maize anthesis
and maturity and also shortened their phases. Thus, the impact
of warming temperature on crop phenology and cropping sys-
tems is one of hot topics in studies of agricultural geography.

Warming temperature potentially gives a chance of crop
yield increase in regions where cultivated land is scare
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(e.g., the Loess Plateau [LP] of China). As we know, the
“Grain for Green” project of the LP of China is the largest
ecological restoration project ever implemented in a devel-
oping country (Feng et al., 2016; Jia et al., 2017a). The pro-
ject effectively reduced the area of slope cropland and the
magnitude of regional soil erosion (Wang et al., 2015; Feng
et al., 2016; Ouyang et al., 2016; Jia et al., 2017b). Note that
decrease of cultivated land is bound to reduce the crop yield
(Liu et al., 2017a). To deal with the conflicts between
human and food security, Yan’an city of the LP is the first to
practice the project of land consolidation (Liu, 2015; Liu
et al., 2017a). However, compared to the decreased area of
cultivated land, the newly increased area of cultivated land is
far insufficient. The satellite-based statistics showed that in
the past 15 years, the net decrease of cultivated land was
~1 × 104 km2 across entire LP (Liu et al., 2014). There is
however ~108 million people living in this region (Feng
et al., 2016). How to defend the conflicts between human
and cultivated land is thus a large challenge. Regionally, an
effective way could allow limited cultivated land to produce
more crop yield. The traditional cropping systems of LP is
one crop per year (Sun et al., 2018). Spring maize is the sta-
ple grain crop in most LP. However, the simple agricultural
productive structure only helps farmers gain the limited food
and economic benefits. Agricultural productive structure and
layout play important roles in increasing total crop yield and
farmers’ income. In the context of climate change, whether
the traditional cropping systems have the potential to be
replaced by cropping systems with two crops per year or
three crops in 2 years is rarely reported. Thus, more studies
and practices are needed to assess possible effects of climate
change on agro-ecological conditions and cropping systems.

To take fully advantage of newly increased consolidated
land and uncover the new mode of cropping systems, our
research group set up a field station in Yangjuangou water-
shed of Yan’an city in 2014 (Liu et al., 2017a). Area of the
Yangjuangou watershed is approximate 2 km2 with averaged
elevation of ~1,140 m. It is worth noting that the watershed
is a typical watershed in the LP, and it is one of newly
increased consolidated lands of the LP through land consoli-
dation engineering (Liu et al., 2017a). In 2016–2017, our
research group succeeded in the new mode of maize and for-
age rape rotation in the context of temperature increase, sug-
gesting the feasibility of replacing one crop per year with
two crops per year in Yangjuangou watershed (Liu et al.,
2017a). Although replacing one crop per year with two crops
per year in the field experiment is successful, whether the
new mode is suitable for larger area in the LP is still
unknown.

Thermal conditions play an important role regulating the
cropping systems, the crop growth and the agricultural prod-
ucts. Generally, crops need accumulate a certain quantity of
heat to satisfy the requirements of crop growth (Dong et al.,
2009; Gao and Liu, 2011; Liu et al., 2013; Hou et al., 2014;

Xu and Li, 2016). The 10 �C is the start temperature of suit-
able growth of thermophilic crop (Dai et al., 2015). The
annual accumulated temperature ≥10 �C (AAT10) is thus
regarded as a key indicator of thermal resource in the agro-
ecological system. AAT10 largely affects the choice of crop
varieties, crop phenology, cropping systems and crop pat-
terns. Some previous studies improved our knowledge on
the impacts of AAT10 change (Li et al., 2013; Liu et al.,
2013; Dai et al., 2015; Meng et al., 2016). For example, Dai
et al. (2015) analysed the change of AAT10 in southern
China during 1960–2011 and stated that the increased
AAT10 was conducive to extend the planting boundaries to
high latitude and high altitude. The study of Liu et al. (2013)
reported that AAT10 increased 9–116 �C�day/10a during
1961–2007, leading to a northwards expansion of the north-
ern limits of maize. Based on daily air temperature during
1960–2014, Meng et al. (2016) reported that a new central
subtropical zone obviously was observed. Their study indi-
cated that the area of north subtropical zone and warm tem-
perature zone gradually extended, and the area of middle
temperature zone and cold temperature zone gradually nar-
rowed in Shanxi–Shaanxi–Inner Mongolia region. In north-
ern China, AAT10 of 3,400 �C�day is an important criterion,
which divides the boundary of cropping systems with one
crop per year (mid-temperate zone with AAT10 ranging
1,600–3,400 �C�day) and cropping systems with two crops
per year or three crops in 2 years (warm temperate zone with
AAT10 ranging 3,400–4,500 �C�day). Thus, clarifying
changes of boundary with 3,400 �C�day is very important
for regionalization of cropping systems across the LP,
because it can map the potential regions where is feasible for
the cropping systems with two crops per year or three crops
in 2 years. However, the change of AAT10 and its effect on
regional agriculture development in the LP are rarely
reported.

Therefore, the aims of this study are (a) to investigate the
spatial patterns and trends of AAT10 in entire LP in the past
55 years, (b) to map the extended area of warm temperate
zones and (c) to uncover the possible reasons of AAT10
change and AAT10 change for the potential implication of
regional agriculture development.

2 | DATA AND METHODS

2.1 | Study area

The LP is one of Chinese four Plateaus, covering the area of
~62.4 × 104 km2 (Figure 1). The region is mainly domi-
nated by a semi-arid continental monsoon climate with
annual mean precipitation decreasing from ~700 mm in the
southeast to ~50 mm in the northwest and annual mean air
temperature ranging 0–13 �C. In recent decades, a warming
trend is dominating this region (Wang et al., 2015; Feng
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et al., 2016). Area of satellite-based cropland accounts for
~30% of entire LP in 2010 (Liu et al., 2014).

2.2 | Data and processing

The gridded daily air temperature and precipitation data with
the resolution of 0.25� longitude by 0.25� latitude for the
period of 1961–2015 were collected from CMA. The
gridded data were developed from the records of 2,416 mete-
orological stations (termed as CN05.1) (Wu and Gao, 2013).
Thin-plate smoothing splines (ANUSPLIN) method as well
as digital elevation model (DEM) as the covariate was used
for the gridded interpolation (Hutchinson et al., 2009; Liu
et al., 2018). The detailed steps of interpolation can be found
in the previous studies (Xu et al., 2009; Wu and Gao, 2013).
Compared to the freely shared 751 basic meteorological sta-
tions, the number of the observed stations of CN05.1 data is
largely increased. Thus, CN05.1 data had theoretically stron-
ger performances due to employing more available meteoro-
logical stations. The data of the LP used in this study were
extracted from the CN05.1.

Other auxiliary data used in this study included 1 km
land use data in 2010 collecting from Centre for Resource
and Environment Science Data, Chinese Academy of Sci-
ences (Liu et al., 2014), 1 km NASA Shuttle Radar Topog-
raphy Mission (SRTM) DEM and the Moderate-resolution
Imaging Spectroradiometer (MODIS) Land Surface Temper-
ature (LST). The 1-km spatial resolution and 8-day temporal
interval LST data for the period of 2001–2015 were col-
lected from Land Processes Distributed Active Archive Cen-
ter (LPDAAC). LST data include daytime and night-time
temperature observations. This study first used Savitzky–
Golay filter to smooth LST data by combining with quality
control files (Wang et al., 2017). Subsequently, we used
smoothed daytime and night-time temperature to calculate

mean LST at each 8-day interval, and used each 8-day LST
and the 6 degree polynomial model to derive daily LST.
Finally, based on the relationship between LST and station-
based interpolated air temperature at the daily scale, we
derived LST-based air temperature. The data were further
used to validate our findings in this study.

Observed meteorological data of Yangjuangou water-
shed are only available since 2016. Therefore, to explain the
potential mechanism of the successful field experiment with
replacing one crop per year with two crops per year,
long-term meteorological data (1951–2017) in Yan’an mete-
orological station were used as the best substitute of Yang-
juangou meteorological observation (see section 4.2). Two
reasons were mainly considered: (a) Yan’an meteorological
station is the nearest station around Yangjuangou watershed
and (b) daily temperature variations are in agreement with
those of Yangjuangou watershed (Figure S1, Supporting
Information). Yan’an meteorological data were collected
from National Meteorological Administration of China
(CMA). To minimum the impact of urban expansion on
meteorological observations, Yan’an meteorological station
was relocated in 2013. Thus, to eliminate the impact of relo-
cation of meteorological station on air temperature, we cor-
rected the data in 1951–2012 using the elevation information
of new (1180.5 m) and old stations (958.5 m). This work
ensures the homogeneity of observed air temperature data
during the period of 1951–2017 (Liu et al., 2018).

2.3 | Statistic analyses

AAT10 is the sum of daily mean air temperature being
steadily equal or greater than 10 �C, which is the minimum
biology temperature. The 5-day simple moving average
method was used to extract the dates of being steadily equal

FIGURE 1 (a) Location of the LP, as well as its DEM and distribution of cropland in 2010. The LP covers six natural zones, including (I) Loess Gully
region, (II) irrigation region, (III) sand and desert region, (IV) loess hilly and gully region, (V) valley plain region and (VI) earth-rock mountain region. (b)
Spatial annual mean precipitation (P). (c) Annual mean temperature (T) [Colour figure can be viewed at wileyonlinelibrary.com]
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or greater than 10 �C (Dong et al., 2009; Liu et al., 2013).
AAT10 was computed using the following formula:

AAT10¼
Xn
i¼a

Ti ,Ti≥10
�
C, ð1Þ

where Ti is the average temperature on day of year (DOY)
ith, a and n are the start date of T ≥ 10 �C (SDT10) and end
date of T ≥ 10 �C (EDT10), respectively. It is important to
note that if T is lower than 10 �C, T = 0 in the above for-
mula. The range between SDT10 and EDT10 is termed as
length of durations of T ≥ 10 �C (LDT10).

To analyse the impacts of warming temperature on
SDT10, EDT10, LDT10 and AAT10, the entire periods of
1961–2015 was divided into five different periods, covering
1960s (1961–1969), 1970s (1970–1979), 1980s
(1980–1989), 1990s (1990–1999) and 2000–2015. The spa-
tial patterns of each variable (SDT10, EDT10, LDT10 and
AAT10) were first investigated in five different periods,
respectively. Then, this study used the regression coefficient
of linear regression to spatially assess the trend of each vari-
able (Wang et al., 2017). The regression coefficient (slope)
was calculated as follows:

Slope¼ n
P

XiYi−
P

Xi
P

Yi
n
P

X2
i −

P
Xið Þ2 , ð2Þ

where Xi is the ith year, Yi is the corresponding variable
(SDT10, EDT10, LDT10 or AAT10) in the ith year and n is
the sum of number of years. Student’s t-test was used to
investigate the statistical significance of trends at the 0.05 or
0.01 level (p < 0.05 or p < 0.01).

AAT10 plays an important role in agricultural climatic
regionalization and physical geographic regionalization
(Dong et al., 2009; Dai et al., 2015). In this study, the classi-
cal criteria from traditional regionalization were used to
investigate changes of accumulate temperature zones
(Table 1) in the LP.

To clearly describe the impact of changes of daily air
temperature on AAT10, a 6 degree polynomial was
employed to simulate the change of daily air temperature
during 1960s and during 2000–2015 (Piao et al., 2006; Liu
et al., 2017b). The determination coefficient (R2) was used
to evaluate the accuracy of simulations (Liu et al., 2017c).
Bias was further used to detect the data difference in two
periods. Mann–Kendall nonparametric statistical method
(please see Appendix section) was used to investigate the

trend and abrupt tests of AAT10 (Mann, 1945; Goossens
and Berger, 1986; Fu and Wang, 1992).

3 | RESULTS

3.1 | Spatial patterns of SDT10, EDT10, LDT10 and
AAT10

The spatial distributions of SDT10 (Figure S2), EDT10
(Figure S3), LDT10 (Figure S4) and AAT10 (Figure 2)
showed elevation-dependent distribution. Lower elevation
regions had earlier SDT10, later EDT10, longer LDT10 and
higher AAT10 as showed in southeastern LP. In contrast,
western LP with higher elevation gave later SDT10, earlier
EDT10, shorter LDT10 and less AAT10.

In the past 55 years, regions with earlier SDT10 were
gradually extending. For example, across the LP, regions
with SDT10 being DOY100-110 changed from 61.4%
(1960s) to 45.1% (1970s), then to 37.9% (1980s) and 30.2%
(1990s), finally to 10.5% of 2000–2015. Accordingly,
regions with SDT10 being DOY90–100 were gradually
increasing. In 1960s, 20.9% of the entire LP only located in
the range of DOY90-100. However, regions with SDT10
being DOY90-100 increased to 44.2% in 2000–2015.
Besides, in 2000–2015, regions with SDT10 being DOY
≤ 90 increased by ~30% relative to those in the period of
1961–1999 (~10%).

During the period of 1961–2015, the large-area delays
mainly focused on the regions with EDT10 ranging from
DOY280-290 to DOY290-300. Regions with EDT10 being
DOY280-290 were decreasing from 56.9% in 1960s to
38.0% in 2000–2015 across the LP. However, regions with
EDT10 being DOY290-300 increased by 24.3% in
2000–2015 compared to that in 1960s (15.9%).

LDT10 of most regions got longer from 1960s to
2000–2015 due to earlier SDT10 and later EDT10. The
main changes located in these regions with LDT10 ranges
of DOY170-190 and DOY190-210. Regions with LDT10
being DOY170-190 decreased from 56.5% in 1960s to 16%
in 2000–2015 across the LP. In contrast, regions with
LDT10 being DOY170-190 gradually increased from
20.8% of entire study area in 1960s to 55.5% in
2000–2015. These regions concentrated on middle and
northern LP (Figure S3e).

Most LP showed earlier SDT10, later EDT10 and lon-
ger LDT10. Naturally, most regions thus had higher

TABLE 1 Criteria of AAT10-based accumulate temperature zones and corresponding cropping systems

Accumulate temperature zones AAT10 (�C�day) Cropping systems Crop varieties

Cold temperate zone <1,600 One crop per year Spring wheat, barley and potato

Mid-temperate zone 1,600–3,400 One crop per year Spring wheat, soybean, maize, millet and sorghum

Warm temperate zone 3,400–4,500 Two crops per year or three crops in 2 years Winter wheat, maize, millet and sweet potato

Subtropical zone 4,500–8,000 Two or three crops per year Winter wheat and rice

Tropical zone >8,000 Three crops per year Rice, sugarcane and rubber
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AAT10 during the past 55 years. Large changes focused on
these regions with AAT10 being 2,500–3,400 and
3,400–4,000 �C�day. Regions with AAT10 being
2,500–3,400 �C�day decreased from 62.0% of entire study
area in 1960s to 32.1% in 2000–2015. Regions with
AAT10 being 3,400–4,000 �C�day however increased from
19.8% of entire study area in 1960s to 49.3% in
2000–2015, and mainly located in middle and northern
regions of the LP (Figure 2e).

3.2 | Trends of spatial SDT10, EDT10, LDT10 and
AAT10

Compared to the spatial patterns, the temporal trends in
SDT10, EDT10, LDT10 and AAT10 may play more impor-
tant roles in quantifying the changes of these metrics in
response to climate change. In the past 55 years, signifi-
cantly advanced SDT10, prolonged EDT10 and increased
AAT10 were observed in most LP (p < 0.05).

Figure 3a showed that 81.9% SDT10 of entire LP pre-
sented advanced trends with 1–3 days. Also, advanced
SDT10 of these regions were all significant (p < 0.05,
Figure 3b). Besides, there were 16.1% SDT10 performing
non-significantly advanced or delayed trends (p > 0.05). As
Figure 3c,d showed, 93.2% EDT10 of entire LP with
0–2 days of delayed trends were observed, but most delayed
EDT10 were no significance (p > 0.05). Regions with
EDT10 being significantly delayed were only 36.8%, mainly
locating in the mid-western LP. In the context of the interac-
tions of advanced SDT10 and delayed EDT10, 89.2%
LDT10 of entire LP showed significantly increased trends

with 2–5 days (p < 0.05). Western LP had higher increased
trends than eastern LP. There were only 8.8% LDT10 per-
forming non-significantly increased trends, mainly locating
in southern and eastern LP (Figure 3f ). In Figure 3g, 99.9%
AAT10 showed significantly increased trends (p < 0.05), of
which increased trends of AAT10 ranging from 40 to
100 �C�day/10a accounted for 92.1% of entire LP. Spatially,
increased trends of AAT10 gradually increased from south-
east to northern LP.

Also, abrupt tests of AAT10 in entire LP and six natu-
ral zones were investigated, respectively (Figure S5). For
entire LP, a significantly increased trend was observed
with 65.1 �C�day/10a (p < 0.01) in the past 55 years.
AAT10 showed a decreased trend before 1997, however
after 1997 an increased trend was observed. The increased
trend was significant at the 0.05 statistical level after
2003. The abrupt test indicated that the mutation point
was located in 1997. The averaged AAT10 before 1997
and after 1997 were 3,037 and 3,306 �C�day. Similarly,
AAT10 of six natural zones also suggested significantly
increased trends (p < 0.01), respectively. However, years
of the mutation point were different in six natural zones.
Three zones of northern LP, including (II) irrigation
region, (III) sand and desert region and (IV) Loess Hilly
and Gully region, had mutation points in 1996, 1995 and
1996, respectively. Among them, (II) irrigation region and
(III) sand and desert region had much stronger increased
trends with 90.2 and 84.3 �C�day/10a in the past 55 year
(p < 0.01). Three zones located in southern LP, covering
(I) Loess Gully region, (V) valley plain region and
(VI) earth-rock mountain region, showed mutation points

FIGURE 2 Spatial patterns of annual accumulated temperature with ≥10 �C. (a) 1960s, (b) 1970s, (c) 1980s, (d) 1990s and (e) 2000–2015 [Colour figure
can be viewed at wileyonlinelibrary.com]
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in 2000, 2001 and 2001, respectively. A weaker increased
trend was observed in (VI) earth-rock mountain region
with 46.9 �C·day/10a (p < 0.01).

3.3 | Changes of accumulated temperature zones
related to cropping systems

The spatial distributions of accumulated temperature zones
(especially regions with AAT10 ≥ 3,400 �C�day changed
from one AAT10 scale to another) were identified according
to the criteria of AAT10-based accumulate temperature zones
(Table 1). Figure 4 showed that in the past 55 years, regions
with AAT10 ≥ 3,400 �C�day gradually extended from 21.0%
(1960s) to 34.2% (1990s), then to 50.3% (2000–2015) of
entire LP. In 1961–1979, regions with AAT10 ≥ 3,400 �C�
day mainly focused on the southeastern LP. During the two

decades, the area of regions with AAT10 ≥ 3,400 �C�day
had only a little change. In 1980s, the southeastern LP had
similar regions as well as those of 1960s and 1970s. How-
ever, regions with AAT10 ≥ 3,400 �C�day were observed in
the northwestern LP, although the area of regions was only
~1% of entire LP. In 1990s, two regions with
AAT10 ≥ 3,400 �C�day in the southeastern and northwestern
LP were further extended. Particularly, northwestern LP had
6.3% regions with AAT10 ≥ 3,400 �C�day. During
2000–2015, regions with AAT10 ≥ 3,400 �C�day in the
southeastern and northwestern LP became a larger unit as the
grey regions of Figure 4 showed. These results implicated that
most LP had a large potential to transfer its traditional crop-
ping systems (one crop per year) to new cropping systems
(e.g., two crops per year or three crops in 2 years) in the con-
text of climate change. To further test the reliability of our

FIGURE 3 Spatial trends of SDT10 (a), EDT10 (c), LDT10 (e) and AAT10 (g) and their corresponding significance at the 0.05 significance level (b,d,f,h).
N.S. represents no significance difference at the 0.05 significant level [Colour figure can be viewed at wileyonlinelibrary.com]
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findings shown in Figure 4, this study also conducted the sim-
ilar analyses based on satellite-based temperature data
(Figure S6). The analyses performed a similar spatial pattern
shown in Figure 4, suggesting the robustness of our results.

4 | DISCUSSION

4.1 | Gridded temperature data and changes of AAT10

CN05.1 is a new version data sets, which employed ANUS-
PLIN method and more abundant meteorological stations to
derive the spatial products. Theoretically, the data sets
should have a more robust performance (Wu and Gao,
2013). Some studies thus use CN05.1 data sets to answer
their concerned questions (Wen et al., 2013; Zhou et al.,
2016). This study directly used CN05.1 spatial data to clarify
the spatial patterns and temporal trends of SDT10, EDT10,
LDT10 and AAT10. Traditionally, previous studies first
computed SDT10, EDT10, LDT10 and AAT10 using
station-based data, then interpolated station-based results to
the spatial scale. It is worth noting that there is a debate for
which methods are more appropriate. Many studies poten-
tially suggest that it would be more appropriate to grid the
data first and then to compare them (Zhao and Fu, 2006; Ma
et al., 2008). An important reason is likely that climatic vari-
ables directly changing along with elevation have more
explicit physical meaning, and much easier to make sense.

In interpolation, some studies generally used Kriging or
inverse-distance weighting methods without considering the
effect of DEM. These traditional interpolate methods often
perform well over regions with lower elevation or relatively
covered by dense stations (Yuan et al., 2014; Yue et al., 2016;

Cui et al., 2018; Qu et al., 2018). However, in complex ter-
rain, many studies have reported that AUNSPIN method
shows a stronger performance due to considering the impacts
of DEM on climatic variables (Hutchinson et al., 2009; Liu
et al., 2018).

This study offers a more detailed discussion on AAT10 in
the LP. In the context of climate change, warming tempera-
ture makes SDT10 advanced and EDT10 delayed, further
increases LDT10 and AAT10. Many previous studies have
reported the advanced and delayed effects of climate change
on SDT10 (or spring temperature) and EDT10 (or autumn
temperature) (Xoplaki et al., 2005; Abatzoglou and Redmond,
2007; Dai et al., 2015; Wang et al., 2017). These reports are
consistent with our findings. However, our study suggests that
advanced SDT10 contributes more to LDT10 increase com-
pared with delayed LDT10 does. SDT10 better explained the
variations of LDT10 (R2 = 0.76, p < 0.01) relative to EDT10
(R2 = 0.46, p < 0.01). The Pearson corrections show that the
relationships between AAT10 and SDT10 (R2 = 0.64,
p < 0.01) are much stronger than those between AAT10 and
EDT10 (R2 = 0.32, p < 0.01). It potentially suggests the
large contribution of SDT10 to AAT10 increases. Compared
with single SDT10 or EDT10, the combined effect of the
above two, namely LDT10, showed the best correlations with
AAT10 (R2 = 0.78, p < 0.01).

Besides, except for advanced SDT10, delayed EDT10 and
increased LDT10, warming temperature during the period of
LDT10 is also responsible for AAT10 increase. To clearly
describe this question, Figure 5 shows the change of estimated
daily air temperature during 1960s and during 2000–2015. The
accuracy of simulations are significantly 0.993 (R2) for 1960s
and 0.996 (R2) for 2000–2015, respectively. This study finds
that annual air temperature in 2000–2015 is 1.1 �C higher than
that in 1960s. Warming magnitude of winter temperature is the
largest with the difference of 1.7 �C, followed by spring tem-
perature (bias = 1.4 �C), autumn temperature (bias = 0.9 �C)

FIGURE 4 Lines of 3,400 �C�day (AAT10) in 1960s (yellow line), 1970s
(orange line), 1980s (green line), 1990s (blue line) and 2000–2015 (red
line). The grey area represents regions with AAT10 ≥ 3,400 �C�day in
2000–2015 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Estimated annual variations of 1960s (blue sloid line) and
2000–2015 (red solid line). The grey area represents the increased
temperature in 2000–2015 relative to 1960s. The green sloid line is the bias
of temperature during 1960s and during 2000–2015 [Colour figure can be
viewed at wileyonlinelibrary.com]
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and summer temperature (bias = 0.6 �C). The annual air tem-
perature ≥10 �C in 2000–2015 are however 0.7 �C higher than
that in 1960s. Air temperature ≥10 �C in spring, summer and
autumn are 1.1, 0.6 and 0.7 �C, respectively. Spring tempera-
ture contributes more to AAT10 increase relative to autumn
and summer temperature.

4.2 | Potential implication for regional agriculture
development

To develop a deeper understanding of the potential of crop-
ping system change, this study used a long-term
(1951–2017) observation of daily air temperature from
Yan’an meteorological station (see section 2.2) and our
2-year field experiment (2016–2017) in Yangjuangou water-
shed of Yan’an city, respectively. Air temperature in Yan’an
meteorological station is a proxy of Yangjuangou meteoro-
logical observation (Figure S1; see section 2.2). This study
showed the trends of annual temperature and AAT10
(Figure 6). In 1951–2017, annual temperature performed an
increased trend with 0.4 �C/decade (p < 0.01). Specifically,
averaged annual temperature after the year of 2000 increased
by ~2.0 �C compared to that before the year of 1970. The
strongest change was observed in 1990s. Warming tempera-
ture resulted in AAT10 increase. AAT10 increased from
3,162 �C�day in 1950s and 1960s to 3,667 �C�day after
2000. Note that AAT10 steadily exceeded 3,400 �C�day (the
lower limit of the cropping systems of two crops per year)
since the year of 1997. Besides, other evidence, for example,
advanced crop phenological metrics and shrinkable pheno-
logical periods, also supported the possibility of replacing

one crop per year with two crops per year in LP (He et al.,
2015). Based on some findings of warming temperature and
phenological metrics, we have conducted a field experiment
of replacing one crop per year with two crops per year in
Yangjuangou watershed of Yan’an city since 2016. The field
experiment suggested that AAT10 with 2,100 �C�day could
meet the heat requirement of spring maize growth. Also, the
observed data from forage rape growth after maize harvest-
ing supported the new mode of spring maize and forage rape
rotation in Yangjuangou watershed (Liu et al., 2017a).

The impacts of climate change on the traditional crop-
ping system are widely reported, including the positive and
negation impacts. For example, some studies have stated that
climate change is positively accelerating the crop develop-
ments, hastening the crop maturations and leading to reduc-
tions in the length of the growing season, but also climate
change can result in negative impacts on the crop yield if
there are no countermeasures (Olesen and Bindi, 2002; Liu
et al., 2013). To defend the negative impacts of climate
change and increase crop yield in a longer growing season,
there are studies indicating that planting new varieties or tak-
ing new cropping systems could be effective management
measurements (Dong et al., 2009; Liu et al., 2013). The
study of northeast China implicated that crop yield would
increase by 7–10% after traditional varieties were replaced
by new varieties. Some similar results were also reported by
previous studies of other regions (Wang et al., 1992; Tor-
riani et al., 2007). These potentially suggest that we should
use well the advantages of AAT10 increase and advanced
STD10 to uncover the new mode of regional agriculture,
especially in using limited cultivated land to increase the
crop yield, for example, the LP. It could be an effective
countermeasure for regional sustainability and food security.

Traditionally, the cropping system is one crop per year
in most LP (Sun et al., 2018). Our findings as well as recent
2-year field-based experiment imply that most LP had a
large potential to develop new cropping systems with repla-
cing one crop per year with two crops per year given
increase of spatially explicit AAT10. The new cropping sys-
tems could help alleviate the conflict of human and food
security in the LP. On the other hand, after the “Grain for
Green” project has been practiced since the year of 1999, a
series of related polices, such as forest and grassland conser-
vation, and bans on grazing, are also launched. These polices
obligate the traditional operations of animal feeding
(e.g., grazing) to shift to captivity. The planting of forage
rape can potentially help alleviate the conflict of the live-
stock and herbage allowance in this region (Liu et al.,
2017a).

4.3 | Analyses of restrictive factors

Increase of AAT10 provides a large potential to develop new
cropping systems in most LP, but the importance of soil con-
ditions, water resources and reasonable cropland

FIGURE 6 Trends of annual temperature (a) and AAT10 (b) in Yan’an
meteorological station (a proxy of Yangjuangou meteorological
observation). The symbols ** represent the significance at the 0.01 level.
The blue dashed lines represent the average of each decade. In (a), the black
dashed line represents the trend of annual temperature during 1951–2017. In
(b), the black dashed line represents 3,400 �C�day of AAT10 [Colour figure
can be viewed at wileyonlinelibrary.com]
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managements is not to be neglected for ensuring the success
of replacing one crop per year with two crops per year. In
recent years, some useful efforts have been conducted in the
improvement of soil conditions (Han et al., 2012; Li et al.,
2017). For example, Han et al. (2012) reported that propor-
tionately remixing the red clay and sandy soil can effectively
improve physical characteristics of local soil of Mu Us Sandy
Land of China, and further achieve the goal of water and soil
resources effective utilization. The applications of these engi-
neering measures will be helpful for regional cropping system

change in regions with poor soil conditions. On the other
hand, regional water resources are also an important restric-
tive indictor. The study observes that regions with
AAT10 ≥ 3,400 �C�day walk across precipitation belts rang-
ing from 200 to 800 mm (Figure 7a). In southeastern land
consolidation regions with AAT10 ≥ 3,400 �C�day, precipi-
tations with more than 500 mm and abundant river net have a
great potential to meet the water resource requirements of
regional cropping system change. Note that annual precipita-
tion in middle LP shows significantly increased trends

FIGURE 7 Spatial distribution (a) and trend (b) of annual precipitation (P, a) for the period of 1961–2015 and its corresponding spatial significance (c).
Subfigures (d)–(j) show the inter-annual changes of entire LP, (I) Loess Gully region, (II) irrigation region, (III) sand and desert region, (IV) Loess Hilly and
Gully region, (V) valley plain region and (VI) earth-rock mountain region for the period of 1961–2015, respectively. N.S. represents no significance
(p > 0.05) [Colour figure can be viewed at wileyonlinelibrary.com]
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(p < 0.05, Figure 7b,c). It may cause a beneficial effect for
regional agricultural development. Although northwestern
land consolidation regions with AAT10 ≥ 3,400 �C�day are
located in precipitation belts with 200–400 mm, abundant
water resources of the Yellow River are likely helpful for
regional cropping system change, especially in regions around
the Yellow River. Besides, reasonable cropland managements
also play an important role in regional cropping system
change. For example, early spring film mulching can regulate
the partitioning of net radiation into latent heat and sensible
heat in surface soil and then maintain a more constant soil
temperature. Also, early spring film mulching can also
increase soil moisture, which is very important for crop
growth (Meng et al., 2015).

5 | CONCLUSIONS

In this study, on basis of the practice of 2-year field experi-
ment in Yangjuangou watershed of the LP, a long-term
(1961–2015) and high-resolution (0.25� longitude by 0.25�

latitude) daily gridded air temperature was used to clarify
spatiotemporal changes of annual accumulated temperature
≥10 �C (AAT10) and its potential implication for regional
agriculture development over entire LP. Results indicated
that significantly extended length of durations of 5-day mov-
ing average temperature (T) ≥10 �C (LDT10), as well as
warming temperature, is responsible for increased AAT10 of
the LP. Increased AAT10 has largely extended the area of
warm temperate zone since 1990s. Area of warm temperate
zone increased by ~29% of entire LP in the past 55 years.
These findings suggest that most LP, especially in regions
with good soil conditions and sufficient water resources, had
a large potential to transfer its traditional cropping systems
(one crop per year) to new cropping systems (e.g., two crops
per year) in the context of climate change.
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APPENDIX A: MANN–KENDALL
NONPARAMETRIC STATISTICAL METHOD

The detailed calculation steps of Mann–Kendall nonparamet-
ric statistical method were showed as follows:

Sk ¼
Xk
i¼1

ri,ri ¼
1, xi>xj
0, xi≤xj

(
1≤ j≤ i;2≤k≤nð Þ, ðA1Þ
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mean Skð Þ¼ k k−1ð Þ
4

var Skð Þ¼ k k−1ð Þ 2k−5ð Þ
72

8>><
>>: 2≤k≤nð Þ, ðA2Þ

UFk ¼
Sk−mean Skð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var Skð Þp 2≤k≤nð Þ

0 k¼ 1ð Þ
,

8><
>: ðA3Þ

where the climatic sequences are set as x1, x2, …, xn; Sk are
the cumulative amount of the ith sample; ri are a temporary
variable; n is the number of sample; mean(Sk) and var(Sk)
are mean and variance of Sk, respectively; and UFk represent
the standardized Sk. If |UFk| > Uα (when α is 0.05, the

corresponding Uα is equal to 1.96), it implies that the series
has a significant trend (namely, p < 0.05). By using the
method of inverted sequence, xn, xn − 1, …, x1 are expressed
as x01, x

0
2, …, x0n. Similarly, we used the formulas (A1)–(A3)

to compute r0i , S
0
k, mean S0k

� �
, var S0k

� �
and UF0k, of which

UB0k ¼ −UF0k. UBk are finally the inverted sequence of
UB0k. This study chose α = 0.05 as the significant level. If
UF value of the variable is beyond the confidence area
limits, it suggests that variations of the variable reach the
significance at the 0.05 level. Also, if UF and UB cross into
the confidence area, the point of intersection is the mutation
point for the variable. The mutation point divides the entire
period into two periods if the number of mutation point is
one. The data of two periods usually have different trends.
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