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Abstract: Climate change has been highlighted over the last decades worldwide, with pronounced
higher warming trends for China. Induced by climate change, to some extent, agricultural production
has changed, as well as the climatic resources during the agricultural growing season. An obvi-
ous longer potential agricultural growing season (PAGS) was detected in the latest decades from
1961–2020. The spatial–temporal characteristics of change and variation of climatic resources during
the PAGS were explored, utilizing comparisons of the differences in mean magnitude, standard
deviation, and trends. In the period of 1991–2020 relative to 1961–1990, alterations in PAGS were char-
acterized by increases of 0–1.5 ◦C in mean air temperature overall, 0.8–23.8% increases in precipitation
in the southeast, northeast, and west, as well as a decrease of 2.1–10.2% in insolation in central-south
regions but an increase of 0.3–6.7% in the north and west. The features were pronounced during
the PAGS in the primary agricultural zones as follows: (1) Northeast China, increasing and stable
temperature but unstable precipitation and insolation; (2) North, eastern-west, and Southwest China,
increasing but unstable temperature, decreasing but stable precipitation as well as decreasing and
unstable insolation; (3) Southeast China, increasing but unstable temperature and precipitation as
well as decreasing and unstable insolation; (4) West China, increasing but unstable temperature
and precipitation as well as increasing but unstable insolation. Further comparisons between agro-
climatic change and climate change indicated that temperature alterations during the PAGS were less
numerous while precipitation and insolation were more unstable than the changes during the whole
year. These findings can assist the understanding of regional agricultural climate changes and guide
agricultural production practices in response.

Keywords: agricultural production; temperature; precipitation; insolation; climate change;
climate variation

1. Introduction

Climate change has been predicted for decades and will remain a catastrophic alter-
ation that will be under serious scientific and public scrutiny long into the future. The
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [1] reported
that global mean surface air temperature has increased by 0.85 ◦C from 1880 to 2020 and
even by 0.72 ◦C from 1951 to 2012 [2]. During the last 20 years (2001–2020), warming was
most obvious, with an increase of 0.99 ◦C relative to 1850–1900 [3]. Prevailing scientific
investigations and modeling have indicated that the occurrence of precipitation events will
increase, and more intense global events are expected [4,5]. In China, higher temperature
increases have been recorded with a tendency of 0.26 ◦C per decade from 1951 to 2020 [6].
The annual precipitation during the past decades has been characterized by considerable
regional differences with an obvious increase across northwestern China [3].

Variation of climatic conditions over time is another hotpot when assessing the impact
of climate change, except for alterations of mean values. For example, more frequent and
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intense heatwaves have been detected in mid-eastern China [7,8], and precipitation patterns
have been altered [9] and particularly amplified over wet regions where the increase is
twice that of the mean precipitation [10]. These global scale alterations in the climate have
significant effects on the human, plant, and animal biospheres; these effects reach the
social economy and many other human endeavors. Climate alterations also have a huge
impact on agricultural production because agriculture is dominated by thermal, water, and
insolation factors [11].

Climate change has been reflected in alterations in crops grown and productivity. For
example, the length of the crop growing season has increased at least 1.0 d per decade since
1960 across China [12]. As a result of climate warming, there is a general trend for earlier
spring and summer phenophases but later autumn phenophases [13]. The phenological
dates for maize and wheat, e.g., flower and maturity date, have been found to generally
advance [14]. It was recently reported that climate change slowed the growth rate in
agricultural productivity between 1961 and 2020, and the annual fluctuation below the
growth trend can be attributed to unfavorable weather such as drought, heatwaves or
floods [15,16]. Agriculture is vulnerable, very sensitive to, and closely connected with
climate change [17–19], and climate change can also be affected by the change in agriculture.
Whilst the adverse impacts of climate change on crop yield have been estimated, these can
be substantially moderated by adaptations such as adjustment in planting and harvesting
dates and migration and irrigation expansion for crops [16,20]. Continued and alternative
adaptations will be needed, not only in the current time period, but also in the future,
given that climate change has negative impacts on crop production if no adaptation is
implemented [21]. It is imperative to assess the characteristics of the agriculture growing
season and its climatic resources, as they are fundamental and important determinants for
guiding agricultural adaptations in response to climate change.

To our knowledge, insights in the alterations and characteristics of the agricultural
growing season and within climatic resources, i.e., thermal, water, and insolation factors,
are currently lacking for latest decades. What is the difference in the climate change
and variation between agricultural growing seasons and natural changes throughout the
whole year? As the spatial heterogeneity of climatic changes also has regional effects
on agricultural production [22–24], a systematic study of spatial–temporal change and
variation of climatic variables such as temperature, precipitation, and insolation during
the season of agricultural production is needed for China, which can help us to better
understand the linkage between climate change and agricultural production.

In the current study, we addressed this by collating up-to-date meteorological obser-
vations over the latest 60 years from >2000 weather monitoring stations across mainland
China as primary data to explore the effect of climate change on the agricultural growing
season and the features of climate change and variation during the dynamic agricultural
growing season.

2. Materials and Methods
2.1. Data Resources

The domain of this study was across mainland China and included the provinces
Heilongjiang (HLJ), Jilin (JL), Liaoning (LN), Inner Mongolia (IM), Xingjiang (XJ), Gansu
(GS), Qinghai (QH), Ningxia (NX), Shannxi (ShX), Shanxi (SX), Beijing (BJ), Tianjin (TJ),
Hebei (HB), Henan (HN), Shandong (SD), Jiangsu (JS), Shanghai (ShH), Anhui (AH), Hubei
(HuB), Zhejiang (ZJ), Jiangxi (JX), Hunan (HuN), Fujian (FJ), Guangdong (GD), Guangxi
(GX), Hainan (HaN), Chongqing (CQ), Guizhou (GZ), Sicuan (SC), Yunnan (YN), and
Xizang (XZ), as shown in Figure 1. There were 2057 meteorological observation stations
with complete records from 1961 to 2020 across the domain, which were obtained from the
China Meteorological Data Sharing Service System of China Meteorological Administration.
The observed records of daily mean air temperature (unit was ◦C), precipitation (unit was
mm), and insolation (unit was h) were strictly quality-controlled to maintain internal long-
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term consistency and homogeneity, and remained missing records were replaced by the
mean magnitude of the same date during 1961–2020.
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Figure 1. The location of the study region (Triangular points represent the location of meteorological
observation stations).

2.2. Indices for Agro-Climatic Change and Variation

The threshold for the start time point of an active agriculture growing season was
set at 10 ◦C, according to the general agreement in previous publications [25,26]. The
period between the first date (FD) with daily mean air temperature ≥ 10 ◦C and the last
date (LD) with daily mean air temperature ≤ 10 ◦C was thus defined as the length of the
potential agricultural growing season (PAGS), implying the potential time period for major
crop production. The values of FD and LD were calculated by the 5-day moving average
method [27,28].

It was recommended by the World Meteorological Organization [29] that a climatic
baseline of 30 years should be updated every 10 year. Thus, 1991–2020 was taken as the
current climatic baseline. In addition to an analysis of average agro-climatic conditions as
well as their linear trends in 1991–2020, a comparison was conducted between the periods
1991–2020 and 1961–1990. A dynamic PAGS in each year from 1961 to 2020 was utilized
to quantify the targeted agricultural growing season. The effects of climate change on
the agricultural growing season were characterized by the change in FD, LD, and PAGS
between 1991–2020 and 1961–1990.

Agricultural production is closely connected to temperature, precipitation, and in-
solation. Therefore, agro-climatic change was characterized using the difference in the
probability density function (PDF, which was used to illustrate the detail distribution pat-
tern) as well as the mean magnitude of the mean air temperature, sum of precipitation, and
sum of insolation during the PAGS between periods. Moreover, agro-climatic variation was
characterized by the standard deviation of the mean air temperature, sum of precipitation,
and sum of insolation during the PAGS. The differences in the magnitude change and varia-
tion of temperature, precipitation, and insolation during the PAGS between 1991–2020 and
1961–1990 were thus used to reveal the change characteristics of agro-climatic change. The
changes in the mean magnitude and variation of the above factors during the whole year
(from 1 January to 31 December) were additionally analyzed to reveal the characteristics
of annual climate change. Thus, the difference in the changes of the mean magnitude and
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variation between PAGS and the whole year was used to reveal the difference between
agro-climatic change and climate change.

3. Results
3.1. The Effects of Climate Change on the Agricultural Growing Season

A spatial increase in FD but a decrease in LD from the south to the north-west was
demonstrated in 1961–1990 and 1991–2020 (Figure S1), with the general value being before
DOY 150 for FD and after DOY 250 for LD. It was thus accepted that PAGS decreased
from the south to the north-west in response to the change in FD and LD. There was an
obvious advancement of 1–10 d in FD and a delay of 1–15 d in LD in 1991–2020 relative to
1961–1990 (Figure 2). A longer length of the PAGS characterized by an increase of 1–20 d
was also detected in 1991–2020 relative to 1961–2020, implying a prolonged growing season
in response to climate change.
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Figure 2. The change of the first date with daily mean air temperature ≥ 10 ◦C, the last date with
daily mean air temperature ≤ 10 ◦C, and the length of the potential agricultural growing season in
1991–2020 relative to 1961–1990.

3.2. Characteristics of Agro-Climatic Change

A general increase in mean air temperature during the PAGS in 1991–2020 rela-
tive to 1961–1990 was detected across mainland China and was of higher magnitudes
(0.43–0.72 ◦C) in the northern regions. On an individual basis, this increase (◦C) was 0.72
for IM, 0.66 for NX, 0.62 for GS, 0.57 for BJ, 0.54 for TJ, 0.49 for LN, 0.47 for QH, 0.45 for HLJ
and XJ, and 0.43 for JL (Figures 3 and 4). The mean air temperature in these northern zones
significantly increased at the rate of >0.10 ◦C per decade during 1961–2020 and >0.15 ◦C
per decade during 1991–2020 (Figure S2 and Table S1).
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The southeastern, northeastern, and western portions of the study area were exposed
to increased levels of precipitation characterized by 0.8–23.8% increases in 1991–2020
relative to 1961–1990 (Figures 3 and 5) as well as increasing and decreasing overall trends
for these time periods, respectively (Figure S3 and Table S1). In contrast, the northeastern–
southeastern belt received less precipitation and this decreased (mm) by 62.0 (11.0%) in TJ,
41.1 (7.3%) in BJ, 32.3 (6.6%) in HB, 22.4 (3.9%) in ShX, 24.7 (3.8%) in HN, 16.6 (2.9%) in LN,
11.2 (2.7%) in SX, 2.3 (0.9%) in NX, 16.6 (0.8%) in IM, 8.1 (0.8%) in HuB, 29.9 (2.9%) in YN,
23.6 (2.7%) in SC, and 14.1 (1.3%) in CQ (Figure 5).

It was clear that insolation decreased in the central-southern regions with a decrease
of 27.3–168.7 h (2.1–10.2%) in 1991–2020 relative to 1961–1990 (Figures 2 and 6). Although
these trends were significantly negative in 1961–2020, the trend reversed to positive in
1991–2020 (Figure S4 and Table S1). This indicated that insolation increased. In contrast,
an increase of 3.5–60.7 h (0.3–6.7%) in northern and western regions was observed with
a general trend of 0–100 h per decade (even >100 h per decade in YN) during 1991–2020
(Figure S4).

3.3. Characteristics of Agro-Climatic Variation

It was clear that the variation in the mean air temperature during the PAGS increased
from south to north in both 1961–1990 and 1991–2020. A direct comparison between the
two periods indicated that the variation in 1991–2020 was greater than that in 1961–1990 in
the major regions except for the northeast and northwest, implying that the temperature
variation increased (Figure 7). In contrast, the variation in precipitation decreased from
the southeast to northwest in both 1961–1990 and 1991–2020. The variation in 1991–2020
relative to 1961–1990 was >0 in most southern, northeastern, and western regions, indicating
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precipitation regularity was unstable (Figure 8). Interestingly, the data for insolation did not
show an obvious spatial pattern in its variation. In general, the variation in 1991–2020 was
greater than that in 1961–1990, meaning that overall insolation was increasingly variable
(Figure 9).

3.4. A Comparison of Agro-Climatic and Climate Change/Variation

In order to determine whether there were significant differences between agro-climatic
change and annual climatic change, alterations were quantified between the differences in
mean air temperature, precipitation as well as insolation during the PAGS in 1991–2020
relative to 1961–1990 and the differences in mean air temperature, precipitation as well as
insolation during the whole year in 1991–2020 relative to 1961–1990. It was obvious that
the change in mean air temperature during the PAGS was less than that calculated for the
change during the whole year, although the change in insolation during the PAGS was
greater than that during the whole year (Figure 10). The change in precipitation during the
PAGS in the northeastern–southeastern dry regions was greater than that during the whole
year. This trend was reversed for the wet regions (Figure 10).
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Figure 10. Difference between the change in factors (mean air temperature, precipitation, and
insolation) during the potential agricultural growing season in 1991–2020 relative to 1961–1990 and
the change in factors (mean air temperature, precipitation, and insolation) during the whole year in
1991–2020 relative to 1961–1990.

A similar comparison was made for variations in mean air temperature, precipitation,
and insolation. It was found that a positive variation in mean air temperature during
the PAGS relative to that during the whole year was present in northern regions. A
larger precipitation variation during the PAGS relative to the whole year was found in the
northeast, north, southwest, and central-west. Additionally, a generally larger variation of
insolation during the PAGS relative to the whole year was detected in the central-eastern
regions (Figure 11).
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1991–2020 relative to 1961–1990.

4. Discussion

A better understanding of the change and variation of temperature, precipitation,
and insolation during the agricultural growing season is necessary for assessing climatic
resources during the period of agricultural production. It is generally accepted that the crop
planting date has changed and growing seasons have lengthened significantly in response to
climate warming, especially under contemporaneous temperature and precipitation [12,30].
Climatic conditions for agriculture are thus expected to be measured at the yearly dynamic
PAGS instead of the fixed time period.

In general, mean air temperature, precipitation, and insolation have been altered by
climate change. Previous studies focused primarily on the changes and variations of annual
metrics for climate change, and a consistent increase in the mean air temperature had been
cited across China [6]. In the context of regional features, the mean air temperature in
western China increased higher than that for mainland China, and this trend was more
rapid after 1990 with a tendency of 0.38 ◦C per decade during 1990–2012 [31,32]. Annual
precipitation displayed a decreasing trend in the belt from the southwest to northeast
and a positive trend for eastern and northwestern China [33]. The variability in annual
precipitation generally became greater, but its spatial distribution pattern was not con-
sistent [34]. Surface insolation also generally increased since the early 1990s relative to
the declining trends before the early 1990s [35]. For example, in HLJ Province, the mean
air temperature increased but precipitation and insolation decreased over 1951–2018 [36].
These changes were consistent with the annual climatic conditions in the current study
(Figures S5–S8). In relation to PAGS, the changes differed and did not follow the patterns
for the general climate data, and this has been discussed in only a few publications. For
example, mean air temperature increased but insolation decreased from 1965 to 2016 during
the cotton growing season on the North China plain [37]. There was also a negative trend
for insolation in June, July, and August but a positive trend in the period from the last date
of frost to May and from September to the first date of frost. These led to small changes on
decadal and annual scales [38]. The variation in precipitation during June and September
decreased from the southeast to the north [5]. These results and especially those depicting
trends in climatic resources were generally consistent with the trends for the current study
although the time periods differed. Moreover, insolation alterations varied and followed
changes in the length of the frost-free season due to the advancing of the last date of frost
and the delay in the first date of frost forced by climate warming. Therefore, agro-climatic
changes during the PAGS are important and necessary for understanding the relationships
between climate change and agriculture.

A comparison of the linkage between agro-climatic change and agricultural production
was further analyzed at the national scale, for the reason of limitations in the dataset for
specific crops in specific regions across China. There was an obvious increasing trend
(0.10 ◦C per decade) and variation in mean air temperature, a slight increasing trend
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(4.90 mm per decade) and variation in precipitation, as well as a decreasing trend (−15.10 h
per decade) and variation in insolation during the PAGS, from the perspective of the
national scale during 1961–2020 (Figure S9). Meanwhile, a significant increase in the yield
of national total major crops was detected at the tendency of 777.84 kg·ha−1 per decade in
these years (Figure S10). The respective correlation between the national crops yield and
mean air temperature, precipitation, and insolation was 0.55 (at the 0.05 significance level),
0.17 (not significant), and −0.50 (at the 0.05 significance level). It was thus accepted that an
increase in agricultural production was attributed to increasing temperature, followed by
decreasing insolation and slight upward precipitation. Moreover, the increasing trend of
the yield of total major crops was 641.25 kg·ha−1 per decade in 1991–2020, which was much
less than that in 1961–1990 (926.65 kg·ha−1 per decade). This decrease of the trend between
the two periods meant that climate change slowed the rate of agricultural growth [16]. The
variation of the yield anomaly in the national total major crops (Figure S10) decreased
in recent years but the variations of mean air temperature and precipitation during the
PAGS increased, implying that agriculture also mitigated the effect of climate change
by the usage of some adaptations, i.e., changing the sowing date and longer-duration
and stress-resistant varieties [39,40]. Whilst agricultural production was comprehensively
affected by management, cultivation technique, soil, and climatic conditions, the above-
mentioned adaptations were inevitably induced and determined by the change in climatic
resources. However, these were still not totally consistent with the variation in climatic
resources, and the subsequent effects of the variation on agricultural production should be
further explored.

Some inevitable limitations were involved in the current study. For example, the
actual agricultural growing periods differed between specific crops and regions, and the
actual growing times varied from year to year as a result of weather, cultivation, and policy.
It was thus difficult to quantify the precise growing period, and the general PAGS was
alternatively chosen to represent the primary agricultural production season. Detailed
research on specific crops should be implemented in the future in order to acquire more
accurate information on agricultural climate change.

The current climatic baseline period of 1991–2020 showed that the values of the mean
air temperature, precipitation, and insolation during the PAGS were generally becoming
more unstable than those seen for 1961–1990. The reasons for this might be attributed to
more frequent occurrence and higher magnitude of climatic extremes. Although temper-
ature increases are beneficial for agricultural production, increases of the frequency and
intensity in temperature extremes, e.g., heat stress, would be harmful for rice in central
and southern China following a warming climate [41,42]. It is expected that the intensity
and variation of precipitation in southern, northeastern, and western regions will increase,
particularly in wet zones [10]. This would lead to an increase in extreme precipitation
and floods [4,5]. Comparatively, the intensity and variation of precipitation decreased in
northern regions, suggesting an increase in water scarcity with associated droughts for
agriculture and irrigation planning [11]. Therefore, the climate variations for agriculture
must be more fully explored to develop rational agricultural management practices.

5. Conclusions

The spatial–temporal change characteristics of the agricultural growing season and
agro-climatic resources including temperature, precipitation, and insolation were explored
in the latest decades. Earlier FD, later LD, and longer PAGS were generally identified across
the major parts of China in 1991–2020 relative to 1961–1990. Given a longer period available
for agricultural production due to a longer PAGS, there was a general increase in mean
air temperature during the PAGS with larger increases in northern and western regions,
as well as an increasing variation in 1991–2020 relative to 1961–1990. It was clear that
precipitation during the PAGS increased in southeastern, northeastern and western regions,
but the variation was amplified in 1991–2020 relative to 1961–1990. This contrasted with
the southwestern–northeastern belt. Decreased insolation during the PAGS was detected
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in central–southern regions, and a generally larger variation was demonstrated across the
major areas of China in 1991–2020 compared to 1961–1990. These changes and variations
implied that climatic resources during the PAGS tended to be more unstable, even though
resources increased in some regions. Moreover, the change in temperature during the PAGS
was more stable than that during the whole year, even though precipitation and insolation
during the PAGS were generally becoming more random in comparison with those during
the whole year. The detection of these types of patterns can assist the development of more
effective adaptations in specific regions in response to climate change.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture12020147/s1, Figure S1. The first date with daily mean air temperature ≥ 10 ◦C, the
last date with daily mean air temperature, and the potential agricultural growing season in 1961–1990
and 1991–2020, Figure S2. The trend of mean air temperature during the potential agricultural
growing season in different periods (the dot with a circle represents the 0.05 significance level),
Table S1 The number of stations characterized by increasing and decreasing trends (The number in
parentheses represents the trend at the 0.05 significance level), Figure S3. The trend of precipitation
during the potential agricultural growing season in different periods (the dot with a circle represents
the 0.05 significance level), Figure S4. The trend of insolation during the potential agricultural growing
season in different periods (the dot with a circle represents the 0.05 significance level), Figure S5. The
difference in mean air temperature, precipitation, and insolation during the whole year in 1991–2020
relative to 1961–1990, Figure S6. The variation in mean air temperature during the whole year in
different periods (From left to right represents 1961–1990, 1991–2020 and (1991–2020)–(1961–1990)),
Figure S7. The variation in precipitation during the whole year in different periods (From left to right
represents 1961–1990, 1991–2020 and (1991–2020)–(1961–1990)), Figure S8. The variation in insolation
during the whole year in different periods (From left to right represents 1961–1990, 1991–2020 and
(1991–2020)–(1961–1990)), Figure S9. The change in national mean air temperature, precipitation, and
insolation during the potential agricultural growing season in 1961–2020 (Blue and red lines represent
the mean value of 1961–1990 and 1991–2020), Figure S10. The change in national crop yield and yield
anomaly in 1961–2020 (Blue and red lines represent the mean value of 1961–1990 and 1991–2020).
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