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ABSTRACT

The regionalization of climate in China is based on a three-level classification in terms of lasting days for accumulated
temperature (AT), aridity index, and July mean temperature. Based on daily meteorological observational data from 756
stations, trends and interdecadal variation in indices for classifying temperature zones, moisture regions and climatic sub-
regions in the period 1961–2010 are discussed. Results reveal that the nationwide AT> 10◦C (AT10) and its lasting days are
basically increasing, while aridity in northern Xinjiang is decreasing. The increasing trend of July mean temperature in North
China is found to be notably larger than in South China. In terms of their national averages, a marked step increase of AT10
and its lasting period, as well as July mean temperature occurred around 1997, while the aridity index presents no such clear
change. By comparing regionalization areas for 1998–2010 with those for 1961–97, it is found that the semi-humid, semi-dry
and dry regions in the sub-temperate zone, as well as the humid region in the middle subtropical zone, have experienced
substantial shrinkage in terms of area. In contrast, the areas of semi-dry and dry regions in the warm temperate zone, as well
as the humid region in the south subtropical zone, present drastically increasing trends. Owing to the influence of such step
changes that took place in 1997, that particular point in time should be given close attention in future studies regarding the
regionalization of climate in China.
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1. Introduction

Owing to its wide latitudinal coverage, large variation in
distances from the ocean and complex topography, China is
a country whose regions are characterized by a diverse range
of climatic conditions. Conducting climate classification over
China based on sufficient understanding of the distribution of
climatic features lays the foundation for the allocation and
planning of agricultural production. It also helps to take ad-
vantage of climatic resources and avoid negative influences
of unfavorable climatic conditions.

Heat and moisture conditions are key factors for plant
growth, and should be taken into account when defining cli-
matic regions. Zhu (1930) published the first regional climate
map of China, in which the country was divided into eight
regions on the basis of temperature, precipitation, weather
systems and natural landscape features: South China; Central
China; North China; Northeast China; the Yunnan–Guizhou
Plateau; grassland; Tibet; and the Mongolia–Xinjiang re-
gions. Tu (1936) modified the previous work, and Lu (1945)
later divided China into 10 regions in terms of the growth
characteristics of crops, before Tao (1949) and Yao (1951)
took monsoon features into account and incorporated these
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into the map. In the late 1950s, the Natural Division Commit-
tee of Chinese Academy of Sciences (1959) divided China
into 8 first-class regions, 32 second-class regions, and 68
third-class regions in terms of accumulated air temperature
> 10◦C (AT10) and annual mean aridity as the heat and mois-
ture indices, respectively. Two decades later, based on data
from the period 1951–70, the China Meteorological Admin-
istration (CMA, 1979) carried out climate classification us-
ing the same indices mentioned above. Qiu (1980) proposed
using “lasting days”, during which period the mean tempera-
ture steadily exceeds 10◦C to replace AT10, which may have
enormously different effects in various regions. Shortly after,
Chen (1982) indicated that using lasting days> 10◦C would
better reflect the distributional features of horizontal and ver-
tical zonality of climatic zones. Since then, climate classi-
fication has basically been using lasting days> 10◦C to de-
note heat conditions, along with the gradual introduction of
a three-level climate classification scheme consisting of di-
visions for temperature zones, moisture regions and climate
sub-regions (CMA, 1994, 2002; Zheng et al., 2010). In addi-
tion, many scholars (Mitchell, 1976; Ayoade, 1977; Ding et
al., 2007; Kang et al., 2007) adopted mathematical methods
such as clustering analysis and principal component analysis
(PCA) in climate classification studies.

Generally, early studies depicted the average conditions
of regional factors while interannual and interdecadal vari-
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ations of these factors were rarely discussed. Although heat
resources and arid conditions in China have been investigated
in various aspects (Yang et al., 2002; Ma et al., 2005; Ma and
Fu, 2007; Miu et al., 2009), the three-level indices for di-
viding temperature zones, moisture regions and climate sub-
regions should also be systematically discussed, owing to the
fact that different combinations of heat and moisture condi-
tions can lead to changes in a wide variety of climatic re-
source types. The purpose of this paper, therefore, is to an-
alyze long-term trends and interdecadal variations in climate
zoning indices such as AT10 and its lasting days, aridity and
July mean temperature. Variation in area of the synthetic cli-
mate regions is also analyzed.

2. Data and methods

2.1. Data

A dataset of daily data from 756 stations along with
detailed metadata covering mainland China for the period
1961–2010 is used in this study. In this dataset, data for
surface air temperature, precipitation, relative humidity, sun-
shine duration, maximum and minimum temperature, and
wind velocity are included. It was provided by the Climate
Data Center (CDC) of the National Meteorological Informa-
tion Center, China Meteorological Administration (CMA),
and the daily data have been subjected to quality control pro-
cedures of the CDC, meaning they are of the highest quality
for climate studies in China (Zhai and Pan, 2003, Zhai et al.,
2005). Considering the continuity of the data from 1961 to
2010 and making full use of the data, 553, 532 and 565 sta-
tions were selected to calculate AT10 and its lasting days,
aridity, and July mean temperature, respectively.

The first critical step in calculating AT10 and its lasting
days is to determine the start and end dates, which are gen-
erally computed by means of the five-day moving average
method (Wang, 1982). Once identified, the accumulated tem-
perature and total number of days between the start date and
end date are respectively defined as the AT10 and its lasting
days. Secondly, annual mean aridity(K) is denoted by annual
mean potential evapotranspiration(E) divided by annual to-
tal precipitation(P) (i.e.,K = E/P). Potential evapotranspi-
ration is calculated by the radiation-modified FAO–Penman–
Montein model (Allen et al., 1998). Many studies (e.g., Mao
et al., 2000; Yin et al., 2010) have applied this model and
concluded that this method is more suitable for use in China
compared with other models. Finally, the average tempera-

ture for July is calculated.

2.2. Methods

2.2.1. Time series homogenization method

A method developed by Easterling and Peterson (1995),
called the E–P procedure, was applied to detect and adjust in-
homogeneities in climatological time series of AT10 and its
lasting days, as well as July mean temperature. Before the
homogenization procedure, reference time series were cre-
ated. Taking AT10 for example, the average AT10 of the
four adjacent stations around candidate ones were used as
the reference series. Then, the candidate AT10 and the ref-
erence AT10 acted as the input of the E–P program. Using
this method, a difference time series was created by subtract-
ing the candidate AT10 from the reference AT10, and ba-
sically, the regression analysis and non-parametric statistics
were used.

Results of the E–P procedure are presented in Table 1. It
can be seen that 212 stations for AT10 were evaluated to be
inhomogeneous. Among them, 143, 52 and 17 stations were
identified with one, two and greater than two discontinuities,
respectively. For lasting days of AT10, there were 141 in-
homogeneous stations, of which 90, 37 and 14 stations were
detected with one, two and greater than two discontinuities,
respectively. The most inhomogeneous stations were found
in the index of July mean temperature. Among the 337 inho-
mogeneous stations, 172, 113 and 52 stations were detected
with one, two and greater than two discontinuities. The bias
values calculated from the difference series, using a window
method, were applied to adjust the identified discontinuities.

2.2.2. Regionalization method

The lasting days of AT10 were adopted to divide the tem-
perature zones, and the annual mean aridity served as a mois-
ture index to divide the humidity regions. Additionally, con-
sidering the influence of non-zonality on climate characteris-
tics, July mean temperature was used to classify the climate
sub-regions, as in Zheng et al. (2010). It should be noted that
the “edge-tropical”, “middle-tropical” and “equatorial tropi-
cal” climate zones illustrated by Zheng et al. (2010) are col-
lectively called “tropical zones” in the present study due to
their small spatial coverage. The details of the thresholdsfor
the above three indices are given in Tables 2–4.

2.2.3. Algorithm for area estimation

The method of effective grid area described by Zou and
Zhai (2004) was adopted to calculate the areas of all the

Table 1.Results of the E–P procedure.

Number of inhomogeneous stations

Number of With greater than two
Index homogeneous stations With one discontinuity With twodiscontinuities discontinuities

AT10 341 143 52 17
Lasting days of AT10 412 90 37 14
July mean temperature 228 172 113 52
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Table 2.Criteria of temperature zones

Temperature zone Number of days with temperature over 10◦C

Cold temperate < 100
Sub-temperate 100–170
Warm temperate 170–220
North subtropical 220–240
Middle subtropical 240–285
South subtropical 285–365
Tropical 365–366

Table 3.Criteria of moisture regions.

Moisture region Annual aridity (mm mm−1)

Humid 6 1.0
Semi-humid 1.0–1.5
Semi-arid 1.5–4.0
Arid > 4.0

Table 4.Criteria of climate sub-regions.

Climate sub-region Jul mean temperature (◦C)

Ta 6 18
Tb 18–20
Tc 20–22
Td 22–24
Te 24–26
Tf 26–28
Tg > 28

different types of climate regions. The area for each box is
Sg = xyscosφ , wherex andy are the horizontal resolutions of
latitude and longitude respectively, ands is the approximation
of area with a 1◦ × 1◦ grid in the equatorial zone; namely,
110.0 km× 110.0 km. φ is the center latitude of the grid.
The effective grid area of a certain climate type isSE = ASg,
whereA is calculated by the ratio of the station number of
a certain climate type to the total number of stations in the
grid. Consequently, the total area of the particular climate
type over all of China is equal to the accumulated area of all
the effective grids of the same type.

2.2.4. Other methods

In addition to the methods discussed above, statistical
methods including linear regression analysis, the runningt-
test, statisticalt-test, and a 21-point binomial filter were also
adopted (Jones et al., 1999; Wei, 1999).

3. Changes in climate classification indices

3.1. Heat indices

3.1.1. Trends of AT10 and its lasting days

The trend pattern of AT10 over all of China during the
past 50 years resembles that of its lasting days (Figs. 1a,

b). In most areas of China, the two variables are both in-
creasing. The most obvious increases, where the trends
> 75◦C d (10 yr)−1 and> 2.5 d (10 yr)−1 respectively, are
found in the Yellow River basin, the middle and lower reaches
of the Yangtze River basin, along the southern coast, in Yun-
nan, in the southeast of the Tibetan Plateau, and in parts of
Northeast China. The number of stations with the trends of
AT10 are significant at the 0.05 level is larger than that of
stations where the trends of lasting days are significant at the
same level. Earlier studies also reported that the increasein
AT10 and its lasting days in the east of China is higher than
that in the west (Miu et al., 2009).

Variation in the start and end dates of the period in which
air temperature exceeds 10◦C exerts a great influence on the
seeding and growth of thermophilic crops. Except in the
west, the north of northeast China, Guizhou, and parts of
Hainan, the start dates of the majority of areas are earlier (Fig.
1c). Among those areas where start dates are getting earlier,
the most notable changes,> 1.5 d (10 yr)−1, are found in Hei-
longjiang Province, across from the Yellow River and Huaihe
River basins to the lower reaches of the Yangtze, along the
southern coast, and in the southeast of the Tibetan Plateau.
Regarding end dates, these are generally becoming delayed.
The obvious delays,> 1.5 d (10 yr)−1, are found north of the
Yellow River, in East China, and in Yunnan Province.

From the above discussion, it can clearly be seen that
both start dates becoming earlier and end dates being de-
layed have led to the trends of increasing AT10 and its lasting
days during the past 50 years. Additionally, amplitudes of
mean temperature, calculated by dividing AT10 by its lasting
days, show nationwide increasing trends. The most evident
increases are found north of 35◦N. To the south of 35◦N, the
increases in southern and eastern coastal regions, as well as
in the provinces of Hainan and Yunnan, are also prominent.
Thus, it can be seen that the increases in mean temperature
amplitudes over 10◦C have also contributed to the trends of
increasing AT10.

3.1.2. Step change in AT10 and its lasting days

In this part, the interdecadal variation of AT10 and its
lasting days during the past 50 years is explored. Under the
background of global warming, most areas of China have ex-
perienced marked increases in annual average temperature
since the 1980s (Ren et al., 2005). However, the question
of whether AT10 and its lasting days present the same inter-
decadal features as mean temperature remains unclear.

The latitude–time profiles for lasting days> 10◦C at
85◦E, 95◦E, 105◦E, 115◦E and 125◦E (Fig. 2) show that the
heat factor in most areas of China has increased drastically
since the 1990s, especially in the north of Xinjiang, in the
southeast of the Tibetan Plateau, in the northwest of Jiangsu,
in the south of the area of Hetao (the “great bend” of the Yel-
low River), in the northeast of Inner Mongolia, and in the
south of Northeast China. This is also true for AT10. Based
on the runningt-test method, the time series on average over
China (Fig. 3) indicate that AT10 and its lasting days display
an abrupt change in 1997; the averages before and after are,
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Fig. 1. Linear trends of (a) AT10, (b) lasting days, (c) start dates,(d) end dates, and (e) mean temperature am-
plitudes during 1961–2010. Increasing (decreasing) trends are respectively represented by empty (solid) dots,
while the large and small dots respectively stand for the absolute values greater and less than (a) 75◦C d (10
yr)−1; (b) 2.5 d (10 yr)−1; (c, d) 1.5 d (10 yr)−1; and (e) 0.1◦C (10 yr)−1. Those trends significant at the 0.05
level are marked by a cross.

respectively, 196 d and 3956◦C d and 205 d and 4220◦C d.
The AT10 and lasting days do not display similar interdecadal
characteristics as annual average temperature, and the reason
may be that the variation in AT10 is affected by the character-
istics of seasonal temperature variations and the large-scale
increase in winter is invalid to the increase of AT10 (Sha et
al., 2002).

Based on Table 2, the locations of each boundary dur-
ing the period before and after 1997 are provided in Fig.
4. Note that, considering the lack of meteorological sta-
tions in the Tibetan Plateau region, particularly in the west,
and its distinct physical geography and climate characteris-
tics, a discussion of boundary variations across the Tibetan
Plateau are beyond the scope of this paper. Furthermore, the

discussion below regarding area coverage will also exclude
this region. Figure 4 shows that the boundaries of tempera-
ture zones present marked variation. In eastern China, all the
boundaries, especially that between the northern and south-
ern subtropical zones, display a northward movement. The
most obvious boundary oscillation can be seen in the middle
reaches of the Yangtze River. The location of the boundary
dividing the warm temperate zone and the northern subtropi-
cal zone shows marked northward and northwestward move-
ment in the south of the North China Plain and the north-
west of the Yunnan–Guizhou Plateau, respectively. However,
the location of the boundary dividing the middle temperate
zone and the warm temperate zone shows obvious northeast-
ern and northwestern oscillation in Liaoning Province and the
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Fig. 2. Latitude–time profiles of lasting days> 10◦C processed by the 21-point binomial filter method
at (a) 85◦E; (b) 95◦E; (c) 105◦E; (d) 115◦E; and (e) 125◦E.

area of Hetao. The most notable movement in the area of
Hetao is in accordance with its relatively larger increase after
1997. Boundary movement in Northwest China—most areas
of which present warm temperate or sub-temperate climate—
is less obvious compared with that in eastern China, indi-
cating that the increase of AT10 and its lasting days in the
northwest is weaker. By calculating the variation in area
around 1997 of each temperate zone (Table 5), it can be seen
that the cold temperate and sub-temperate zones decrease by
0.41× 107 hm2 and 4.63× 107 hm2, respectively. Mean-
while, the warm temperate, subtropical and tropical zones all
increase. The relatively larger increases in area are foundin
the warm temperate and southern subtropical zones, respec-

tively reaching 1.77×107 hm2 and 1.8×107 hm2.

3.2. Aridity index
3.2.1. Trends in aridity index

Trends in annual aridity during the studied period exhibit
distinct spatial distributions over China (Fig. 5a). Statisti-
cally significant decreasing trends are found in northern Xin-
jiang with a magnitude of 1 mm mm−1 (10 yr)−1, indicating
that the extent of drought this area is becoming weaker—a
result that is consistent with studies by Yang et al. (2002),
Ma and Fu (2007) and Wei et al. (2009). In addition, the re-
gions extending from the Yellow and Huaihe river basins to
the southern coast present decreasing trends with a weaker
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Fig. 3. Time series of (a) AT10 and (b) lasting days on average over China and (c, d) their movingt-test results. In
panels (a) and (b), the averages during the periods before and after the step change year are shown by short dashed
lines. The dot-dashed lines in panels (c) and (d) represent the critical value at the 0.01 significance level (units: days).

Table 5.Variations in area of the integrated sub-regions around 1997 (units: 107 hm2).

Climate sub-region
Temperature zone Moisture region Total area Ta Tb Tc Td Te Tf Tg

Cold temperate Humid 0.19/0 0.19/0
Semi-humid 0.23/0.10 0.23/0.10
Semi-dry 0.45/0.35 0.45/0.35
Dry

Sub-temperate Humid 0.67/0.99 0.23/0.41 0/0.13 0.18/0.180.26/0.27
Semi-humid 4.88/3.01 1.59/0.77 1.38/0.93 1.67/1.09 0.23/0.22
Semi-dry 8.30/7.07 0.70/0.77 2.12/0.53 2.25/2.72 3.23/3.04
Dry 7.67/5.81 1.97/0.57 1.59/1.57 1.94/1.18 2.16/2.14 0/0.35

Warm temperate Humid 0.72/0.58 0.08/0.10 0.14/0 0.49/0.47
Semi-humid 2.67/2.17 0.28/0.56 0.22/0.22 0.79/0.39 0.48/0.45 0.90/0.55
Semi-dry 7.96/9.31 0.19/0.36 0.59/0.68 3.95/2.70 1.96/4.65 1.27/0.91
Dry 9.42/10.48 0/0.77 0.79/0.21 2.68/2.33 3.37/3.72 2.58/1.980/1.46

North subtropical Humid 0.64/0.74 0/0.08 0.23/0.14 0.28/0.51 0.14/0
Semi-humid 1.69/1.70 0.14/0 0/0.14 0/0.10 0.20/0.59 1.35/0.87
Semi-dry 1.90/1.69 0.14/0 0.14/0 0/0.14 1.61/1.55
Dry 0.12/0.88 0/0.57 0/0.19 0.12/0.12

Middle subtropical Humid 10.15/9.01 0.66/0.52 0.54/0.69 1.11/1.183.74/2.63 4.10/3.99
Semi-humid 2.15/2.99 0.40/0.43 0.14/0.29 0.14/0.20 1.26/1.69 0.21/0.38
Semi-dry 0/0.44 0/0.14 0/0.30
Dry

South subtropical Humid 10.55/12.35 0.22/0 0.40/0.44 0.68/0.99 1.57/1.05 2.01/2.095.67/7.78
Semi-humid 1.96/1.96 0.26/0.11 0.58/0.84 0.14/0.23 0.09/0.09 0.44/0.29 0.45/0.39
Semi-dry 0.31/0.31 0.22/0.22 0.09/0.09
Dry

Tropical Humid 0.23/1.05 0/0.44 0.23/0.61
Semi-humid 0.62/0.46 0.62/0.46
Semi-dry 0.15/0.15 0.15/0.15
Dry

Note: average areas before and after 1997 are separated by “/”; blank spaces indicate that sub-regions of the identified type did not exist during the past 50
years; numbers in bold denote that the absolute values of thechanges in areas are larger than 1.0 hm2. Seven temperature zones , four humidity regions and
seven climate sub-regions are divided. Specially, the seven climate sub-regions are marked by Ta–Tg.
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1961-1997

1998-2010

Fig. 4. Changes in boundary locations for classifying temper-
ature zones around 1997 (brown, 100; green, 170; blue, 220;
yellow, 240; magenta, 285; red, 365) (units: d).

magnitude. All other areas basically present increasing
trends. The aridity index adopted in this study is deter-
mined by annual precipitation and potential evapotranspira-
tion. Thus, whether or not these two dominant factors have
caused changes in the annual index deserves further discus-
sion.

As Fig. 5b shows, strong decreases in potential evapo-
transpiration are found in the northwest, in the south of the
North China Plain, and in the west of Liaoning Province,

with the most marked magnitude of 10 mm (10 yr)−1 and
the weaker decreases being found in the middle and lower
reaches of the Yangtze River and the region to the south of the
Yangtze River, respectively. Meanwhile, potential evapotran-
spiration in Yunnan Province, in the area of Hetao, and in the
northern part of Northeast China displays an increasing trend.
Figure 5c shows that increasing trends in annual precipitation
are found in areas extending from the Yangtze River–Huaihe
River basin to the South China coast and Hainan. Particu-
larly, the increasing trends in those regions extending from
the east to the south coast, in Hainan Province, over the mid-
dle and lower reaches of the Yangtze River, and to the south
of the Yangtze River reach 10 mm (10 yr)−1. Meanwhile, de-
creasing trends, exceeding 20 mm (10 yr)−1, are found over
the Liaodung Peninsula, Hexi Corridor, Shandong Peninsula,
Yellow River region, south of Sichuan Province, and east of
Yunnan Province. Thus, it can be seen that trends in annual
precipitation over eastern China take on a “southern flood–
northern drought” pattern, while those in the west present
markedly increasing trends. To summarize, the decrease
in potential evapotranspiration and increase in precipitation
in Northwest China, over the Yangtze River–Huaihe River
basins, over the middle and lower reaches of the Yangtze
River, and to the south of the Yangtze River, both relieve the
extent of drought, while adverse variations of both these two
variables aggravate the occurrence of drought in the south of
the area of Hetao.

a b

c

Fig. 5. Trends in (a) annual aridity, (b) potential evaporation, and (c) precipitation during 1961–2010. As in Fig. 1, the
large and small dots represent the absolute values greater and less than (a) 1 (10 yr)−1 and (b, c) 20 mm (10 yr)−1.
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Fig. 6. The same as Fig. 3, but for annual aridity of northern
Xinjiang (northern Xinjiang covers an area north of 40◦N and
west of 95◦E).

Fig. 7. Trends in July mean temperature during 1961–2010. As
in Fig. 1, the large and small dots represent the absolute values
greater and less than 0.3◦C (10 yr)−1.

3.2.2. Interdecadal variations in annual aridity index

Latitude–time profiles (not shown) of annual aridity at
around 85◦E, 95◦E, 105◦E, 115◦E and 125◦E reveal that there
are obvious interdecadal variations in the north of Xinjing
Province, northwest of Gansu Province, northeast of Inner
Mongolia, and north of Northeast China. The index in the
north of Xinjiang Province has become smaller since the
1980s, while that in the northwest of Gansu Province became
relatively larger during the period 1985–2000. Annual arid-
ity in the northeast of Inner Mongolia has become greater
since 1995, while in the north of Northeast China it was rel-
atively greater during 1960–80 and after 1990. Thus, it can
be seen that the interdecadal variations over China display
distinct spatial differences.

By normalizing the annual aridity index, it is also possi-

ble to examine the nationwide average moisture characteris-
tics. The results (not shown) reveal that the annual average
aridity presents relatively smaller values from the mid-1980s
to the late 1990s, and relatively larger values in the most re-
cent 10 years. However, overall, the interdecadal variation is
fairly unremarkable.

During the past 50 years, annual aridity in northern Xin-
jiang has taken on a notable decreasing trend. In order to con-
veniently discuss the variations in aridity of this region,the
areas north of 40◦N and west of 95◦E are defined as northern
Xinjiang. Figure 6 illustrates that the index presents a marked
abrupt change around 1986; the values before and after that
year are 21 mm mm−1 and 16 mm mm−1, respectively. This
interdecadal variation is consistent with the conclusionsof
Wang et al. (2004) based on data from 1961 to 2000.

By analyzing the time series of areas of each aridity re-
gion (not shown), it can be seen that the area of arid re-
gions presents a jump during the 1990s (i.e., expanding in the
most recent 10 years), while the areas of humid, semi-humid
and semi-arid regions do not demonstrate any apparent inter-
decadal variation.

3.3. The climate sub-regions index

3.3.1. Trends in July mean temperature

The spatial distribution of trends in July mean tempera-
ture in the past 50 years shows that the indices in most areas
are increasing (Fig. 7). The strong increase trends, exceeding
0.3◦C (10 yr)−1, are found in Inner Mongolia, Gansu, Qing-
hai, and along the eastern coast, indicating that the increase
in the north is stronger than in the south. Based on thet-test,
those increases significant at the 0.05 level are found in the
northwest, over the Yellow River basin, the north of Northeast
China, the southeast of the Tibetan Plateau, in Yunnan, along
the East China coast, and the South China coast. However,
stations in the south of Shaanxi, Henan and Hebei display
decreasing trends.

3.3.2. Step change in July mean temperature

As shown in Fig. 8, July mean temperature on average
over China presents an abrupt change in 1996. For conve-
nience, 1997 can be reasonably taken as the transition point
for AT10 and its lasting days. Based on Table 4, the variations
in location of each boundary around 1997 are provided in Fig.
9, and the results show that, in the east, there is more or lessa
northward shifting for each boundary. In particular, the most
obvious northward movement is found in East China (28◦C
isogram). In the northwest, the areas circled by the 18◦C,
20◦C and 22◦C isograms are decreasing, while those circled
by the 24◦C, 26◦C and 28◦C isograms are increasing, denot-
ing an increasing trend in July mean temperature. By calcu-
lating the variation in area of each climate sub-region (Table
5), and taking 1997 as the transition point, it can be seen that
average areas with a July mean temperature of618◦C, 18◦C–
20◦C, 20◦C–22◦C, 22◦C–24◦C and 26◦C–28◦C decrease by
2.25×107 hm2, 1.21×107 hm2, 1.56×107 hm2, 0.95×107

hm2 and 1.89×107 hm2 respectively, while those with a July
mean temperature of 24◦C–26◦C and >28◦C increase by
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Fig. 8. The same as Fig. 3, but for July mean temperature.

Fig. 9. Changes in boundary locations for July mean tempera-
ture around 1997 (brown, 18; green,10; blue, 22; yellow, 24;
magenta, 26; red, 28) (units:◦C).

4.05×107 hm2 and 3.81×107 hm2, respectively.

4. Changes in the spatial coverage of inte-
grated sub-regions before and after 1997

Heat and moisture conditions are both major factors af-
fecting the growth and production of crops, and thus their dif-
ferent characteristics and features are important in determin-
ing planting patterns. The above results show that, in termsof
their nationwide average, AT10 and its lasting days, and July
mean temperature, both present a jump point around 1997,
while the aridity index does not exhibit such a step change.
Consequently, in this section, the variations in area of thein-
tegrated sub-regions before and after 1997 are discussed.

As shown in Table 5, the areas of humid, semi-humid and
semi-arid regions in the cold temperate zone are decreasing,
which is consistent with the decrease in the total area of the
cold temperate zone. Areas of semi-humid, semi-arid and

arid regions in the sub-temperate zones present distinct de-
creasing trends, with the relatively obvious decreases being
found in the Tb climate sub-region of the semi-arid region
(1.59× 107 hm2) and the Ta climate sub-region of the arid
region (1.4× 107 hm2). As for the warm temperate zone,
the areas of humid and semi-humid regions decrease, while
the areas of semi-arid and arid regions increase; the largest
increase (1.35× 107 hm2) is found in the semi-arid region.
July mean temperature in the semi-arid region of the warm
temperate zone is mainly 22◦C–26◦C, while that in the arid
region of the warm temperate zone is mainly 22◦C–28◦C.
Meanwhile, in the warm temperate zone, the areas of Tb and
Tg climate sub-regions in the arid region increase from non-
existence to 0.77×107 hm2 and 1.46×107 hm2, respectively.
As for the north subtropical zone, the variation in the arid re-
gion is most obvious, with the area increasing by 0.76×107

hm2. In terms of the middle subtropical zone, the humid re-
gion demonstrates a decreasing area of coverage, with the
most notable decrease (1.11× 107 hm2) being found in the
Tf climate sub-region. Meanwhile, the semi-humid and semi-
arid regions in the middle subtropical zone increase. Regard-
ing the south subtropical zone, the humid region presents a
stronger increasing trend, with its area of the Tg climate sub-
region increasing by 2.11× 107 hm2. Finally, with respect
to the tropical zone, the area of the humid region increases
and that of the semi-humid region decreases, while that of
the semi-arid region presents no obvious change.

5. Conclusions and discussion

The trends and interdecadal variations of the tempera-
ture zones, moisture regions and climate sub-regions in China
during the past 50 years have been discussed. Basically, the
AT10 and its lasting days both present increasing trends over
the country. The drought in northern Xinjiang has weakened,
while the linear trends in all other areas are not significant.
The increasing trend in July mean temperature in the north
is more notable than in the south. On a national average, the
AT10 and its lasting days and July mean temperature all dis-
play a step change around 1997, while the aridity index does
not present such a clear change. Northern Xinjiang has be-
come wetter since 1986. The average areas of the sub-regions
of the integrated regionalization after 1997 are distinct from
those before 1997. Consequently, the jump point of 1997
should be given close attention.

Climate change can exercise a great influence on climate
resources, especially in terms of agricultural productionand
planting systems in China. Under the background of global
warming, there is a corresponding northward-heading plant-
ing boundary for wheat, rice and corn. As an example, Li
and Wang (2010) showed how the rice-growing area has ex-
panded in Heilongjiang Province. For dry-farming regions,
the area suitable for planting is expected to expand due to cli-
mate warming; however, it is also greatly affected by mois-
ture conditions (Zhang et al., 2008). As for Central and East
China, climate warming could improve growing conditions
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and benefit rice production, while a wetter climate would be
harmful for production (Xu et al., 1999). Therefore, all agri-
cultural regions should be adjusted, with scientifically-based
and practical cropping systems established according to local
changes in conditions.

Exploring the possible reasons or mechanisms behind
changes in regional climate can inform future predictions,
and thus allows proper and reasonable planning for agricul-
ture to be conducted. Theoretically, climate warming is ex-
pected to increase AT10 and its lasting days. Specifically, as
discussed in section 3.1.1, both start dates becoming earlier
and end dates becoming delayed contribute to the increasing
trends of AT10 and its lasting days. Furthermore, enhanced
amplitudes of average temperature during periods when mean
temperature steadily exceeds 10◦C are also beneficial to in-
creases in AT10. It has been found that a prolonging of the
higher temperature period but not the lower temperature pe-
riod has enhanced the amplitudes of average temperature.
Accordingly, it is very likely that an extension of the sum-
mer period has made a major contribution, and such specu-
lation is supported by a recent study conducted by Yan et al.
(2011). Their results showed that a change point for warming
occurred in the 1990s (1994 and 1997) for summer—a result
that is quite consistent with the abrupt point in 1997 identified
for AT10 and its lasting days, as well as July mean temper-
ature in the present study. This implies that a prolonging of
the summer period has exerted a significant influence on in-
creases in AT10 and its lasting days. Additionally, previous
research has indicated that human activity has a significant
impact on the local environment. In particular, urbanization
has altered weather and climate phenomena in and around ur-
ban areas (Balling and Brazel, 1987; Baik et al., 2001; Ren et
al., 2010; Huang et al., 2011). Accordingly, the problem of
how deeply urbanization affects climate regionalization still
needs further study.

Factors influencing dry and wet climate changes are more
complex. Although such changes can also be explained as
being related to global climate warming (Shi et al., 2003),
factors impacting regional climate are also important and de-
serve to be studied in depth. Analyses have shown that both
the decrease in potential evapotranspiration and increasein
precipitation have led to the wetting trend in northern Xin-
jiang. Wind speed, sunshine duration, temperature, relative
humidity and other elements can affect potential evapotran-
piration. Indeed, some previous studies have indicated that
sunshine duration and wind speed are both principle factors
affecting potential evapotranspiration in China; for example,
in northern China, a reduction in wind speed has been found
to be the main reason resulting in decreases of potential evap-
otranspiration in the warm temperate zone (Xie and Wang,
2007; Yin et al., 2010). Likewise, there have been many stud-
ies published on the mechanisms of precipitation changes in
northern Xinjiang. Shi et al. (2003), Li et al. (2003) and
Zhao et al. (2006) indicated that variation in general circu-
lation is conducive to a decrease in northerly wind and an
increase in southerly wind. As a result, moisture from the
Indian Ocean and western Pacific can be transported to the

north more smoothly. Enhanced water vapor convergence in
the west is another important element (Chen and Dai, 2009).
Wei et al. (2009) indicated that atmospheric heat source over
the Tibetan Plateau has impacted upon precipitation changes
in northwestern China. Obviously, a comprehensive analysis
of the possible causes of changes in potential evapotranpira-
tion and precipitation is needed in order to understand aridity
variation in Northwest China. In addition, whether or not
such changes are due to interannual variability or long-term
change also warrants further study.

Finally, climate regionalization for the Tibetan Plateau
has not been discussed in the present study owing to a lack of
sufficient data. The Tibetan Plateau covers a vast geographic
area, accounting for one quarter of China’s total territory, and
its topography and climatic features are complex. Yet, with
the exception of Zhao et al. (2002), who discussed variation
in its heat indices, there have been few studies conducted re-
garding changes in climate resources over this region. As is
known, moisture conditions also greatly affect the growth of
crops and plants. Hence, in order to provide a reference base
for planting system designs and ecosystem protection on the
Tibetan Plateau, the characteristics of changes in its heatand
moisture resources, as well as its climate classification, are
worthy of investigation.

Acknowledgements. This paper was jointly supported by
the National Natural Science Foundation of China (Grant No.
41175080) and the R&D Special Fund for the Public Welfare In-
dustry (meteorology) (Grant No. GYHY201106018).

REFERENCES

Allen, R. G., L. S. Pereira, D. Raes, and M. Smith, 1998: Crop
evapotranspiration—Guidelines for computing crop water re-
quirements. Irr. Drain. Paper 56. FAO, Rome, 465 pp.

Ayoade, J. O., 1977: On the use of multivariate techniques in
climatic classification and regionalization.Archiv für Mete-
orologie, Geophysik und Bioklimatologie, Serie B, 24, 257–
267.

Baik, J. J., Y. H. Kim, and H. Y. Chun, 2001: Dry and moist con-
vection forced by an urban heat island.J. Appl. Meteor., 40,
1462–1475.

Balling, R. C., and S. W. Brazel, 1987: Recent changes in Phoenix
summertime diurnal precipitation patterns.Theor. Appl. Cli-
matol., 38, 50–54.

Chen, D. D., and Y. J. Dai, 2009: Characteristics and analysis
of typical anomalous summer rainfall patterns in Northwest
China over the last 50 years.Chinese J. Atmos. Sci., 33, 1247–
1258. (in Chinese)

Chen, X. J., 1982: A New approach to the climate division of
China.Acta Meteorologica Sinica, 40, 35–48. (in Chinese)

China Meteorological Administration, 1979:Climatological Atlas
of the People’s Republic of China. China Atlas Press, Beijing,
222–223. (in Chinese)

China Meteorological Administration, 1994:Climatological Re-
sources Atlas for China.Sinomaps Press, Beijing, 277–278.
(in Chinese)

China Meteorological Administration, 2002:Climatological At-
las for the People’s Republic of China.China Meteorological



384 CHANGES IN CLIMATE REGIONALIZATION INDICES VOLUME 31

Press, Beijing, 6–7. (in Chinese)
Ding, Y. G., Y. C. Zhang, and J. F. Liu, 2007: A new cluster method

for climatic classification and compartment using the con-
junction between CAST and REOF.Chinese J. Atmos. Sci.,
31, 129–136. (in Chinese)

Easterling, D. R., and T. C. Peterson, 1995: A new method for
detecting and adjusting for undocumented discontinuitiesin
climatological time series.Int. J. Climatol., 15, 369–377.

Huang, L. M., C. B. Deng, and N. Li, 2011: A review on the
hotspot issues of urban heat island effect.Journal of Mete-
orology and Environment, 27, 54–58. (in Chinese)

Jones, P. D., E. B. Horton, C. K. Folland, M. Hulme, D. E.
Parker and T. A. Basnett, 1999: The use of indices to identify
changes in climatic extremes.Climate Change, 42, 131–149.

Kang, X. Y., H. J. Ma, and J. F. Xu, 2007: Application of factor
analysis in establishing model for regional planting of agricul-
ture meteorology.Chinese Journal of Agricultural Resources
and Regional Planning, 28, 40–43. (in Chinese)

Li, D. L., L. Wei, Y. Cai, C. J. Zhang, J. Y. Feng, Q. Yang, Y. J.
Yuan, and A. X. Dong, 2003: The present facts and the future
tendency of the climate change in Northwest China.Journal
of Glaciology and Geocryology, 25, 135–142. (in Chinese)

Li, Y. J., and C. Y. Wang, 2010: Impacts of climate change on crop
planting structure in China.Advances in Climate Change Re-
search, 6, 123–129. (in Chinese)

Lu, W., 1945: New discussion on climate regions in China.Acta
Geographica Sinica, 1, 1–10. (in Chinese)

Ma, Z. G., and Z. B. Fu, 2007: The basic fact of the drought
trend in North China during 1951–2004.Chinese Sci. Bull.,
51, 2429–2439. (in Chinese)

Ma, Z. G., G. Huang, W. Q. Gan, and M. L. Chen, 2005: Multi-
scale temporal characteristics of the dryness/wetness over
Northern China during the last century.Chinese J. Atmos Sci,
29, 671–681. (in Chinese)

Mao, F., G. Z. Zhang, and X. D. Xu, 2000: Several methods of
calculating the reference evapotranspiration and comparison
of their results.Quart. J. Appl. Meteor., 11, 128–136. (in Chi-
nese)

Mitchell, V. L., 1976: The regionalization of climate in thewestern
United States.J. Appl. Meteor., 15, 920–927.

Miu, Q. L., Y. Y. Ding, Y. Wang, and C. F. Duan, 2009: Impact
of climate warming on the distribution of China’s thermal re-
sources.Journal of Natural Resources, 24, 934–944. (in Chi-
nese)

Natural Division Committee of Chinese Academy of Sciences,
1959:The Division of China’s Climate.China Science Press,
Beijing, 323 pp. (in Chinese)

Qiu, B. J., 1980: Some problems of the climate regionalization in
China.Meteorology, 9, 6–8. (in Chinese)

Ren, G. Y., and Coauthors, 2005: Recent progresses in studies of
regional temperature changes in China.Climatic and Environ-
mental Research,10, 701–716. (in Chinese)

Ren, Y. Y., G. Y. Ren, and A. Y. Zhang, 2010: An overview of re-
searches of urbanization effect on land surface air temperature
trends.Progress in Geography, 29, 1301–1310. (in Chinese)

Sha, W. Y., X. M. Shao, and M. Huang, 2002: Climate warming
and its impact on natural regional boundaries in China in the
1980s.Science China(D), 45, 317–326.

Shi, Y. F., Y. P. Shen, D. L. Li, G. W. Guo, Y. J. Ding, R. J. Hu, and
S. E. Kang, 2003: Discussion on the present climate change
from warm-dry to warm-wet in Northwest China.Quaternary
Science, 23, 152–164.

Tao, S. Y., 1949: Moisture needs everywhere in China and division

of climatic regions in China.Acta Meteorologica Sinica, 20,
43–50. (in Chinese)

Tu, C. W., 1936: Climatic provinces of China.Acta Geographica
Sinica, 3, 495–528. (in Chinese)

Wang, L., X. Q. Xie, Y. S. Li, and D. Y. Tang, 2004: Changes
of humid index and borderline of wet and dry climate zone
in northern China over the past 40 years.Geographical Re-
search, 23, 45–53. (in Chinese)

Wang, S. T., 1982: Statistical methods for determining the start
and end date that steadily larger than a certain limit air tem-
perature.Meteorology, 6, 29–30. (in Chinese)

Wei, F. Y., 1999:Modern Statistical Diagnosis and Forecast Meth-
ods for Climate.2nd ed., China Meteorological Press, 296 pp.
(in Chinese)

Wei, N., Y. F. Gong, and J. H. He, 2009: Structural variation of an
atmospheric heat source over the Qinghai-Xizang Plateau and
its influence on precipitation in Northwest China.Adv. Atmos.
Sci., 26, 1027–1041, doi: 10.1007/s00376-009-7207-7.

Xie, X. Q., and L. Wang, 2007: Changes of potential evaporation
in Northern China over the past 50 years.Journal of Natural
Resources, 22, 684–691. (in Chinese)

Xu, B., X. P. Xin, and H. J. Tang, 1999: The influence and strategy
of global climate change to agriculture geographical distribu-
tion. Progress in Geography, 18, 316–321. (in Chinese)

Yan, Z. W., J. J. Xia, C. Qian, and W. Zhou, 2011: Change in sea-
sonal cycle and extremes in China during the period 1960–
2008.Adv. Atmos. Sci., 28, 269–283, doi: 10.1007/s00376-
010-0006-3.

Yang, J. P., Y. J. Ding, R. S. Chen, and L. Y. Liu, 2002: The in-
terdecadal fluctuation of dry and wet climate boundaries in
China in recent 50 years.Acta Geographica Sinica, 57, 655–
661. (in Chinese)

Yao, Z. S., 1951: The climate of China as based upon the anal-
ysis of monthly temperatures.Acta Geographica Sinica, 18,
41–68.

Yin, Y. H., S. H. Wu, G. Chen, and E. F. Dai, 2010: Attribu-
tion analyses of potential evapotranspiration changes in China
since the 1960s.Theor. Appl. Climatol., 101, 19–28.

Zhai, P. M., and X. H. Pan, 2003: Trends in temperature extremes
during 1951–1999 in China.Geophys©Res . Lett., 30, 1913,
doi: 10.1029/2003GL018004.

Zhai, P. M., X. B. Zhang, and H. Wan, 2005: Trends in total pre-
cipitation and frequency of daily precipitation extremes over
China.J. Climate, 18, 1096–1108.

Zhao, X. Y., H. Y. Zhang, and J. Wan, 2002: The impact of climatic
change on the climate zones in the Qinghai-Tibetan Plateau.
Scientia Geographica Sinica, 22, 190–195. (in Chinese)

Zhao, B. K., C. X. Cai, L. M. Yang, and H. Wang, 2006: At-
mospheric circulation anomalies during wetting summer over
Xinjiang region.Journal of Glacilolgy and Geocryology, 28,
434–442. (in Chinese)

Zhang, Q., Z. Y. Deng, Y. D. Zhao, and J. Qiao, 2008: The im-
pacts of global climatic change on the agriculture in northwest
China.Acta Ecologica Sinica.28, 1210–1218. (in Chinese)

Zheng, J. Y., Y. H. Yin, and B. Y. Li, 2010: A new scheme for cli-
mate regionalization in China.Acta Geographica Sinica, 65,
3–12. (in Chinese)

Zhu, K. Z., 1930: Research on climate regionalization of China.
Geography Magazine, 3, 1–14. (in Chinese)

Zou, X. K., and P. M. Zhai, 2004: Relationship between vegeta-
tion coverage and spring dust storms over northern China.J.
Geophys. Res., 109, 1–9.


