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ABSTRACT: Monthly mean (TEM), maximum (Tmax) and minimum (Tmin) surface air temperatures at 119 meteorological
stations on the Yunnan Plateau (YP, Southwest China) were analysed for temporal trends and spatial variation patterns
during the period 1961–2004. Linear trend analyses revealed that annual temperature over the YP increased at a rate of
0.3 °C/decade during the period 1961–2004, while warming trend of 0.33 °C/decade and 0.26 °C/decade was observed for
winter and summer temperatures, respectively. Warming trends of nighttime minimum temperature are more pronounced
than those of daytime maximum temperature, especially during winter season. Consequently, a decreasing trend of diurnal
temperature ranges (DTR = Tmax − Tmin) was observed. Five spatial patterns of temperature variability were objectively
defined by rotated empirical orthogonal function (EOF) analysis, which are associated with distinct temporal temperature
variations and geographical area over the YP. Annual temperature increases were found to be most pronounced in the
southern and northwestern (high-elevation) parts of the YP, whereas the hot-dry valleys along the Yangtze and Red River
basins experienced cooling during the past four decades. Copyright  2010 Royal Meteorological Society
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1. Introduction

Climate change is potentially challenging the food pro-
duction, drinking water supply and sustainable develop-
ment in many parts of the world (IPCC, 2007). Recent
studies revealed a significant worldwide warming and
a general increase in frequency and persistence of high
temperatures (Easterling et al., 2000; Horton et al., 2001;
Yan et al., 2002; Beniston and Stephenson, 2004; Gay-
Garcia et al., 2009). The global mean surface air tem-
perature has risen by about 0.74 ± 0.18 °C during the
twentieth century and is projected to rise by 1.8 ∼ 4.0 °C
in the twenty-first century (Brohan et al., 2006; IPCC,
2007). During the period 1880–2003, the linear rise
of mean temperature over China is 0.58 °C/100 years,
which is slightly weaker than that of the global mean
(Wang and Gong, 2000). However, the warming trend
(0.3 °C/decade) during the past two decades in China
is much stronger than the global trend (0.19 °C/decade)
(Wang et al., 2004; Hansen et al., 2006).
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Mountainous and highland regions are especially sen-
sitive and vulnerable to climate change (Beniston et al.,
1997; Diaz and Bradley, 1997). For example, above-
average warming trends were observed at higher eleva-
tions (i.e. elevation-dependency warming) on a global
scale (Diaz and Bradley, 1997) or at a more regional
scale such as in the Swiss Alps (Beniston and Rebetez,
1996), on the Tibetan Plateau (Liu and Chen, 2000;
Liu et al., 2006, 2009) and in the Tien Shan Mountains
(Aizen et al., 1997). Another important feature associ-
ated with climatic warming noted by many scientists
is its asymmetric nature over the daily cycle, with less
warming observed in maximum temperature than in min-
imum temperature (Karl et al., 1993; Liu et al., 2009).
As a result, over the vast land area of the world, the
near-surface diurnal temperature range (DTR) has been
decreasing (Easterling, 1997). On the Tibetan Plateau,
greater warming trends were found in monthly minimum
temperature (0.41 °C/decade) than that of maximum tem-
perature (0.18 °C/decade) during the period 1961–2003
(Liu et al., 2006).

Many studies investigated climate changes and ex-
tremes on a very large scale (Easterling et al., 2000;
Miranda and Tome, 2009) or at national levels (Bartolini
et al., 2008; Filipiak and Mietus, 2008; Brazdil et al.,
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2009; Brito-Castillo et al., 2009). However, there are
large regional differences in the surface air temperature
change (Houghton et al., 2001). The Intergovernmental
Panel on Climate Change (IPCC) highlighted the need
for more detailed information about climate change on
regional and local scales, which is of particular interest
to nations and economic groups and often dense homo-
geneous historical datasets are available (IPCC, 2007).

Many researchers (e.g. Wang and Gong, 2000; Qian
and Zhu, 2001; Liu et al., 2004; Huang et al., 2005)
have investigated the changes of temperature over the
past decades in China. The accelerated climate warming
observed since the 1980s and its associated impacts
have already been studied extensively (Yi et al., 1992;
Ding and Dai, 1994; Shi et al., 2007). On a regional
scale, an overall warming trend was found over the
Tibetan Plateau during 1955–1996 (Liu and Chen, 2000).
However, a cooling trend of annual mean temperature
with a decrease of the daily maximum temperatures since
the mid-twentieth century was observed in the Sichuan
Basin, Southwest China (Ban et al., 2006; Ding et al.,
2007).

Yunnan is a densely populated province in south-
western China and is the home of many ethnic groups
that often live in ecologically fragile mountain regions.
The northern part of Yunnan is characterized by a very
steep topography and consists of mountain chains higher
than 6000 m a.s.l. which are dissected by deeply incised
gorges of main Asian rivers like the Mekong and Salween
rivers. Climatic changes in this area will have a strong

impact not only on the position of the upper tree line
(Baker and Moseley, 2007) and on the hydrological cycle,
which is of great relevance for agriculture and forestry
(Stone, 2010), but also for geomorphological activity and
the risk of flooding during the summer monsoon season.

On the low-latitude Yunnan Plateau (YP), climatic
variability is largely unknown. Thomas (1993) studied
the temporal and spatial characteristics of the onset of
the rainy season during the period 1961–1980. Using data
from a number of representative stations, Chen and Xie
(2008) and Yang et al. (2007) analysed climatic changes
in the recent 50 years over Yunnan Province and found
that most stations display warming trends, with a decrease
of annual snow days in the north and annual fog days in
the south. On the basis of an extensive dataset from 119
meteorological stations from Yunnan Province in south-
western China, this study aimed to examine the spatial
and temporal temperature variability over the YP during
the period 1961–2004. Particular emphasis was put on
investigating the overall warming trend and its spatial
variability. Special attention was laid on trends of sea-
sonal developments of temperature variability and trends.

2. Data and methods

2.1. Study area

The YP is situated in subtropical Southwest China and
covers an area of about 394 000 km2 between 21.14
and 29.25 °N and 97.52–106.19 °E, contiguous to the

Figure 1. Locations of the 119 meteorological stations on the Yunnan Plateau. Data are from the National Meteorological Information Centre
(NMIC). Topographical views of the Yunnan Plateau and vicinity are also embodied (TOPO30, http://www.usgs.gov). Station numbers below

the data points are consistent with those in Table S1.
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Figure 2. Geographical distribution of the annual (a), summer (b),
June to September and winter (c), November to February mean air
temperature (TEM, °C) over the Yunnan Plateau. Mean values were
calculated over the period of 1961–2004 and interpolated with the

Kriging method.

Tibetan Plateau in the northwest and the Sichuan Basin
in the north (Figure 1). The YP is a mountainous area
with an average altitude of 1980 m, with the high
mountains of eastern Himalayas in the west. Within
Yunnan Province, elevation decreases from the northwest
with the highest point of 6740 m a.s.l. to the southeast
with the lowest point of 76.4 m a.s.l. The YP climate
is influenced by the interaction of several circulation
systems. Summer climate over the YP is co-dominated
by the Southwest and East Asian summer monsoons
during June to September, whereas the climate condition
during winter is influenced by northern continental cold
air masses and extra-tropical westerlies (Thomas, 1993).
Because of the low-latitude location and the pronounced

Figure 3. Relationships between annual and seasonal mean tempera-
tures (°C) and elevation (m). Linear regressions and their statistics are

embodied in the graphs.

topography with the deep river-carved gorges, the YP
climate is subjected to intense solar radiation and mild air
temperatures with a large diurnal amplitude, little annual
variation and tremendous spatial variability.

2.2. Dataset

Instrumental data of monthly mean (TEM), maximum
(Tmax) and minimum (Tmin) surface air temperatures were
used in this study. The mean monthly maximum and
minimum temperatures are derived by averaging the
daily maximum and minimum temperatures. The mean
monthly DTR is defined as the difference between the
mean monthly maximum and minimum temperatures
(Tmax − Tmin). Most of the meteorological stations in
Yunnan Province were not established until the mid-
1950s. Therefore, the time period considered is from
1961 to 2004. Data were collected from a total of
133 weather stations from the National Meteorological
Information Centre (NMIC) of China. For each station,
we carefully checked the time periods of records and
relocation histories. Of the 133 stations, 14 stations were
excluded from further analyses due to discontinuities of
data (11 stations) or inhomogeneities due to relocation
(3 stations). Thus, the 119 remaining stations entered the
final analyses (Figure 1, Table S1).

The dataset have been quality checked by the NMIC.
We further performed routine quality assessment and nec-
essary error correction procedures on the data following
the methods described by Peterson et al. (1998). Miss-
ing values are infrequent and generally account for only
0.2–0.4% (Table S2), which were replaced with esti-
mated values predicted from multiple regression rela-
tionships established among a few (up to five) neigh-
bouring and highly correlated stations. The 119 stations
are well-distributed across the YP, except in the west
(Figure 1). The station identification number prescribed
by the World Meteorological Organization (WMO) and
the station name along with their coordinates, are listed in
Table S1. The altitudes of all 119 stations vary between
136.7 m (Hekou) and 3319 m (Deqin), with 102 (86%)
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Figure 4. Regional averaged annual (a), summer (b) and winter (c) temperatures for the period 1961–2004 derived from all 119 stations over
the Yunnan Plateau. The straight line shows the linear trend, and the dashed line represents 10-year low-pass filter components. R and Slope
represent the correlation coefficient and the slope of linear regression, respectively. Tau is the Mann–Kendall tau rank correlation coefficient.

The ∗ and ∗∗ represent significance at 95 and 99% level, respectively.

stations situated above 1000 m a.s.l. and 14 (12%) sta-
tions are above 2000 m a.s.l.

2.3. Seasonality and spatial distribution

Annual, summer (June to September) and winter (Novem-
ber to February) temperature means were calculated from
monthly data. Spatial distributions of annual and seasonal
temperatures were interpolated with the Kriging method
using the software Surfer (version 8.0). In order to reveal
topographic effects on temperature distributions, annual
and seasonal temperatures for all the 119 stations were
also correlated with their elevations.

To facilitate trend analyses and comparisons between
the stations, we calculated temperature anomalies from
the long-term monthly means to remove the seasonal-
ity. Monthly and seasonal temperature anomalies were
averaged over the YP and were correlated with time
(year/months) to detect overall trends.

2.4. Trends detection

An ordinary linear regression (OLR) ŷ = αt + β is used
to estimate the rate of change α, with ŷ being the
monthly and seasonal temperatures analysed and t is the
time (here the year/month). The 44-year time series of
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Figure 5. Monthly mean temperature anomalies (grey lines) and their linear trends (thick lines) averaged for the study area from January 1961
to December 2004. (a) Mean temperature (TEM), (b) minimum temperature (Tmin), (c) maximum temperature (Tmax), (d) diurnal temperature
range (DTR). R and Slope represent the correlation coefficient and the slope of linear regression, respectively. Tau is the Mann–Kendall tau

rank correlation coefficient. The ∗∗ and ns indicate 99% significance level and no significant trend, respectively.

Table I. Statistics of linear trends (slope, °C/decade) of seasonal temperatures averaged for all the 119 meteorological stations
over the Yunnan Plateau.

Season Mean SD Increasing Decreasing Ralt Rlat Rlon

Mean Annual 0.12 0.12 76 (64%) 7 (6%) 0.10 −0.29∗∗ −0.06
Temperature Summer 0.08 0.11 55 (46%) 7 (6%) 0.13 −0.36∗∗ −0.06

Winter 0.22 0.15 81 (68%) 1 (0.8%) 0.05 −0.19∗ 0.09

Minimum Annual 0.22 0.16 93 (78%) 2 (1.7%) 0.14 −0.19∗ −0.18∗
Temperature Summer 0.14 0.11 79 (66%) 3 (2.5%) 0.14 −0.18 −0.06

Winter 0.31 0.20 93 (78%) 1 (0.8%) 0.08 −0.12 −0.14

Maximum Annual 0.06 0.10 33 (28%) 6 (5%) 0.21∗ −0.13 −0.03
Temperature Summer 0.03 0.10 21(18%) 9 (8%) 0.19∗ −0.26∗ −0.10

Winter 0.18 0.11 25 (21%) 0 (0%) 0.26∗∗ 0.03 0.24∗∗

The correlation coefficients between station trends and their coordinates are also indicated.
SD is the standard deviation of the regression slopes; increasing/decreasing are the numbers (percentages) of stations shown significant (p < 0.05)
increasing/decreasing linear trend; Ralt, Rlat and Rlon are correlation coefficients between the regression slopes and altitudes, latitudes and
longitudes, respectively.
The ∗ and ∗∗ represent significance at 95 and 99% level, respectively.

monthly and seasonal temperatures of all 119 stations
were regressed against time. The statistical significance
of the linear trends was evaluated using the Student’s
t-test. The magnitude of the trends was calculated by the
slopes of the linear trends and expressed in °C/decade. All
the data analyses were carried out using the free-accessed
R data processing and analysis language (R Development
Core Team, 2004).

Additionally, the Mann–Kendall non-parametric test,
which searches for a trend in a time series without spec-
ifying whether the trend is linear or non-linear, was also

applied to each time series to look for statistically sig-
nificant trends (Mann, 1945; Kendall, 1975; Yue and
Wang, 2004). The Mann–Kendall tau rank correlation
coefficients and their significance tests were calculated
using the ‘Kendall’ package in the R environment. Spa-
tial distributions of the linear trends (slopes, °C/decade)
were interpolated on the map using the ArcMap soft-
ware (version 9.0). Monthly and seasonal temperature
trends (slopes) were averaged over the study area and
correlated with the elevations of the respective climate
stations.

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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Figure 6. Statistics of linear regression trends for monthly and seasonal mean (TEM), maximum (Tmax), minimum (Tmin) temperatures and
diurnal temperature ranges (DTR) during the period 1961–2004. (a) Trends (regression slopes) averaged for the study area; (b) percentages of
stations shown positive significant (p < 0.05) linear trends; (c) trends (bars) and percentages (dot-lines) of stations shown negative significant

(p < 0.05) trends for DTR.

2.5. Empirical orthogonal function analyses

Empirical orthogonal function (EOF) analysis has been
widely used in meteorology and climatology to define
spatial and temporal variability of a large set of variables
(Richman, 1986; Briffa et al., 1994; Hannachi et al.,
2009). The correlation-based varimax-rotated empirical
orthogonal function (REOF) method is used in this study.
This means that the initial EOF modes are linearly trans-
formed using the varimax method, which maximizes the
variance of the squared correlation coefficient between
the time series of each REOF mode and each original

EOF model. The method increases the spatial variabil-
ity of the obtained modes. Therefore, the significant
anomalies appear where regional phenomena are domi-
nant, which makes the mode easier to interpret (Richman,
1986).

In this study, the ‘variables’ refer to the 119 stations,
and the ‘observations’ are the annual temperatures for
each station during 1961–2004. Determining the num-
ber of EOF modes to be rotated is an important issue
in REOF analysis, as it directly affects the resulting
spatial patterns and temporal variations, facilitating or
misleading the search of physical interpretations. We

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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performed a rigorous ‘red noise’ version of the Rule N
test (Preisendorfer, 1988; Li et al., 2008a), which is based
on the Monte Carlo procedure. The first five EOFs (or
factors), which explained nearly 90% of the total vari-
ance, were found to be significant at the 95% confidence
level, according to the Rule N test (Preisendorfer, 1988).
Therefore, the five EOFs were rotated to produce five
clearly defined spatial patterns over the YP.

3. Results

3.1. Spatial temperature distributions

Owing to the topographical complexity, this study region
displays a wide variety of micro-climates. Figure 2
presents the spatial distributions of averaged annual and
seasonal air temperatures over the YP during 1961–2004.
The mean annual temperatures ranged from 4.3 to 24 °C,
while temperatures varied from 10 to 31 °C and from
−2.4 to 21 °C during summer (June to September) and
winter season (November to February), respectively.
In the high-elevation area of the northwest YP, tem-
perature gradients are more abrupt than in the other
regions (Figure 2). The statistics of coefficient of vari-
ance and skewness indicated homogeneous distribu-
tion of the climate data, except for the topogeographic
complex of northwest YP (Table S3, Figure S1 and
S2). The north and central parts of Yunnan along the
Yangtze and Red Rivers is the so-called ‘hot-dry val-
leys’ region, with a character of high temperature and
low precipitation. Air temperatures generally decrease
by 0.47–0.52 °C/100 m elevation increase, which corre-
sponds to a moist-adiabatic trend (Figure 3). For winter,
more negative departures from the trend line are visible
in the lower elevations. This probably is related to the
stations located in mountain basins and valleys, where
cold air accumulates during the winter season, leasing to
topography-induced pronounced minimum temperatures.

3.2. Temporal and spatial temperature trends

Over the YP, mean annual temperatures have been
increasing by 0.3 °C/decade during the past 44 years
(Figure 4). The warming rates during winter (0.33 °C/de-
cade) were greater than that during summer season
(0.26 °C/decade). The overall warming on the YP started
around the end of 1970s and accelerated after 1990s. For
annual temperature means, 15 of 24 years were above the
long-term average after 1978.

Concerning the monthly normalized anomalies, both
mean (TEM) and minimum (Tmin) temperature anoma-
lies showed a significant (p < 0.01) positive trend over
the YP (Figure 5), equivalent to a rate of 0.13 °C/decade
and 0.22 °C/decade, respectively. However, no significant
trend was found for maximum temperature (Tmax) anoma-
lies. Consequently, the anomalies of DTR (Tmax − Tmin)
had been decreasing significantly (p < 0.01), equivalent
to −0.12 °C/decade (Figure 5(d)). The Mann–Kendall
statistics are consistent with results from linear
regressions.

Figure 7. Spatial patterns of annual (a), summer (b) June to September
and winter (c) November to February air temperature linear trends
(TEM, °C/decade) over the Yunnan Plateau for the period 1961–2004.
Stations with significant (95%) Mann–Kendal trend test are also

indicated.

More than 46 and 66% of the 119 stations show sig-
nificant warming trends for mean (TEM) and minimum
(Tmin) temperatures, respectively (Table I, Figure 6).
However, there are fewer stations (20–30%) show-
ing a significant warming trend for maximum temper-
atures (Tmax). More stations with significant warming
trends were found during winter than during the sum-
mer season. As a result, DTRs over the past 44 years
had been decreasing. Especially, the decreasing trends
of DTR during the spring season are most remarkable
(Figure 6(c)).

Figures 7 and 8 present the spatial distributions of lin-
ear trends (slopes, °C/decade) of annual and seasonal
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Figure 8. Spatial patterns of the linear trends ( °C/decade) of monthly mean minimum (Tmin; a, b) and maximum (Tmax; c, d) air temperatures
and diurnal temperature range (DTR; e, f) during the summer (a, c, e; June to September) and winter (b, d, f; November to February) seasons.
The linear trends were calculated for data of all 119 meteorological stations during the period 1961–2004. Stations with significant (95%)

Mann–Kendal trend test are also indicated.

air temperatures over the YP for the period 1961–2004.
A non-parameter Mann–Kendall test was performed to
detect the non-monotonic trends. Over the past 44 years,
annual and winter temperatures increased over the major-
ity of the plateau. The picture of summer tempera-
tures looks different, with most positive trends found
for stations south of ∼26 °N (Figure 7). The most strik-
ing and regional wide warming trends were found for
monthly minimum temperatures, both for the summer and
winter seasons (Figure 8(a) and (c)). The magnitudes of
warming trends for maximum temperatures were less than
that of mean and minimum temperatures, especially dur-
ing the summer season (Figure 8(b), (d)). Again, DTRs

at most stations were decreasing during the past 44 years
(Figure 8(e) and (f))

When temperature trends were arranged by the ele-
vation zones, we did not find a clear elevation depen-
dency of climatic warming from low to middle elevations.
However, the high-elevation stations in the northwestern
part of the YP show a remarkably high rate of warming
(Figure 9).

3.3. Regional patterns of temperature variability

REOF analysis was used to objectively define the most
significant regional patterns of annual temperature vari-
ability across YP. Regional patterns of temperature

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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Figure 9. Annual and seasonal temperature trends ( °C/decade) for the period 1961–2004, categorized according to the 14 elevation ranks of the
119 stations on the Yunnan Plateau. Number of stations for each elevation rank is indicated in the lower part of the graph.

variability are defined in terms of the factor maps and the
associated scores from the orthogonal varimax rotations
(Figure 10).

REOF#1 represents the temperature variability in the
southwestern and central parts of the YP (SW–C pat-
tern). This pattern explains 25.86% of the total tem-
perature variance (Table II). The score for this pat-
tern shows a decreasing temperature during the 1960s,
and then a continuous warming since the middle of
the 1970s. The warming trend (0.42 °C/decade) in the
SW–C pattern during 1961–2004 is statistically sig-
nificant at the 0.01 level. The warmest year is 2003,
followed by 1998 and 1999, which is consistent with
the ground means of annual temperature over the YP
(Figure 4(a)).

REOF#2 explains 17.75% of the total temperature vari-
ance and highlights the common temperature variability

over the northeastern and eastern parts of the YP (NE–E
pattern). The score associated with this pattern shows
no significant trend during the study period. However,
the warmest years 1998 and 2003 were detectable in the
NE–E pattern.

REOF#3 is heavily loaded over the northwestern part
of the YP (NW pattern) and explains 17.48% of the total
variance. The score shows a continuous warming trend
(0.37 °C/decade) since the beginning of the 1960s and
greater variability (i.e. extremely cold/warm years) during
the past two decades.

REOF#4 describes temperature variability in the south-
eastern and southern parts of YP (SE–S pattern). This
pattern explains 15.39% of the total variance. The score
exhibits a temperature jump at the end of the 1970s
and a continuous warming trend thereafter. The overall

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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Figure 10. The five factor loadings (a) and their corresponding normalized REOF scores (b) based on rotated REOF analysis on annual
temperatures for the period 1961–2004. The percentage variance accounted for by each factor is labelled in each map. Linear regression
(bold) and 10-year low-pass filters (dashed) are applied for the REOF scores. R and Slope represent the correlation coefficient and the slope of
linear regression, respectively. Tau is the Mann–Kendall tau rank correlation coefficient. The ∗ and ∗∗ indicate significance at 95 and 99% level

respectively, the ns is no significant trend.

warming trend (0.56 °C/decade) in this region is greatest
compared with other regions of the YP.

REOF#5 represents the temperature variability in the
central and northern parts of the YP (C–N pattern),

along the Yangtze River and Yuanjiang River (upper Red
River) valleys. This pattern explains the least (13.39%)
of the total variance. The score of the C–N pattern
reveals a significant decreasing trend (−0.26 °C/decade,

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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Table II. The variance explained by the first five factors derived from empirical orthogonal functions (EOF) on annual and
seasonal mean temperatures before and after the Varimax rotation.

Component Annual Summer Winter

Unrotated
EOF (%)

Rotated
EOF (%)

Unrotated
EOF (%)

Rotated
EOF (%)

Unrotated
EOF (%)

Rotated
EOF (%)

1 64.79 25.86 59.56 22.23 69.70 25.80
2 11.07 17.75 11.33 19.41 11.19 25.80
3 7.64 17.48 6.66 18.79 5.95 19.73
4 3.73 15.39 5.70 15.55 3.49 15.49
5 2.63 13.39 3.02 10.28 2.37 5.89
Total 89.9 89.9 86.3 86.3 92.7 92.7

p < 0.01), which is distinct from other regions of the
study area.

4. Discussion

A statistically significant warming trend (0.3 °C/decade
for annual temperature) was detected for the YP dur-
ing the period 1961–2004, with stronger warming
in the winter season than in the summer season
(Figure 4, Table I). The overall warming rates over
the YP exceed global means (0.14 °C/decade; Brohan
et al., 2006) and the mean of the same latitudinal
zone for the same period (Diaz et al., 2003; Jones and
Moberg, 2003; Gay-Garcia et al., 2009). The warm-
ing trends over the YP are even more pronounced
than those for China means (∼0.26 °C/decade; Zhai
et al., 1999; Liu et al., 2004; Wang et al., 2004; Huang
et al., 2005) and are comparable with those found on
the Tibetan Plateau (Liu and Chen, 2000; Liu et al.,
2006).

The increase (less change) in monthly minimum (max-
imum) temperatures on the YP, as found in the present
study (Figures 5–8), are broadly consistent with global
patterns (e.g. Karl et al., 1993; Easterling, 1997; Easter-
ling et al., 2000) and the results from most areas of China
(Zhai et al., 1999; Yan et al., 2002, Liu et al., 2006).
However, some studies found a faster rate of increase
in maximum temperatures, resulting in increasing trends
of DTR, such as in north India (Yadav et al., 2004)
and Mexico (Brito-Castillo et al., 2009). The downward
trend of DTR over the YP is jointly caused by the dis-
tinct positive trend in minimum temperature and less
changes in maximum temperature. Strongly increasing
trends of minimum temperature can be found in all sea-
sons, with the highest increasing trends in winter and
spring, resulting in the distinct decreasing trend of DTR
during winter and spring season (Figures 6–8). Decreas-
ing strength of winter monsoon (Asian high pressure)
may result in positive winter trend, especially of min-
imum temperatures (Wang et al., 2009). Moreover, the
increasing tropospheric aerosol load in the study area may
attribute to the observed decreasing sunshine duration as
well as the increasing of nighttime temperature (Zheng
et al., 2008).

Because of the complex topography, the climatic trends
and variability over the YP are far from uniform. Despite
the overall warming, the warming rates are different in
different regions over the YP (Figure 10). Most signifi-
cant warming was found in the southern and northwestern
(high-elevation) parts of the YP (Figure 10), whereas
the dry valleys along the Yangtze and Red River basins
experienced a cooling trend during the past decades
(Figures 7, 8 and 10). In the southern parts of the YP,
forests have been degraded at a fast rate, which has accel-
erated carbon emissions and thus climate changes. For
example, forest cover had been reduced from 70% in
1976 to less than 50% in 2003 in the Xishuangbanna
area, and the forested areas have mainly been replaced
by rubber (Hevea brasiliensis) plantations and shifting
cultivation (Li et al., 2008b). Moreover, large-scale land-
cover changes from primary rainforests to rubber tree
plantation are likely to alter regional emission patterns of
volatile organic compounds (VOCs), which in turn might
contribute to changes in regional air quality and climate
(Wang et al., 2007; Wilske et al., 2007).

Consistent with the present study, Zhang et al. (2002)
found that the annual mean temperature in the Yuanmou
valley of Yunnan has declined by 1.1 °C from 1956 to
1999, accompanied by a slight increase in annual rain-
fall. The landscapes of the dry valleys are a striking
geographic feature in the Hengduan Mountains Region of
Southwest China. They are characterized by an extremely
steep topography and elevation deference between valley
floor and neighbouring mountain ranges of more than
3000 m, resulting in low rainfall, high temperature and
evaporation and a fragile environment with slopes cov-
ered by drought-tolerant vegetation types (Tang et al.,
2004). Many of the dry valleys have been centres of
economic and agricultural development and human settle-
ment. The increase in rainfall and the decline in temper-
atures and evaporation may benefit the local agricultural
production in the hot-dry valleys of Yunnan (Zhang et al.,
2002; Tang et al., 2004).

Significant decreases in sunshine duration were found
over most of the 200 stations across China during
1954–1998, with greatest concentration over southwest-
ern China near the Sichuan basin (Kaiser and Qian, 2002).
The downward trend in sunshine duration may result
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from negative radiative forcing due to increasing atmo-
spheric aerosol concentrations from regional pollutants,
which was suggested to be the main contributor to sur-
face cooling during the latter half of the twentieth century
in the Sichuan basin and vicinity (Qian and Giorgi, 2000;
Ban et al., 2006). It is argued that a decline in solar
irradiance better explains the decreasing range of daily
temperatures in light of its influence on maximum tem-
perature. Consistent with our results (Figures 7 and 8),
Zheng et al. (2008) found that the annual sunshine dura-
tion on the Yunnan–Guizhou Plateau decreased mostly
north of 24 °N during 1961–2005.

Many studies from observational data (Beniston and
Rebetez, 1996; Diaz and Bradley, 1997; Liu and Chen,
2000) and numerical modelling (Giorgi et al., 1997;
Chen et al., 2003) have revealed the elevation depen-
dency of climate warming in regions of major moun-
tains and highlands. In the present study, the depen-
dence of temperature trends on elevations is incoher-
ent, which differs from previous findings on the Tibetan
Plateau, north west of the study area (Liu and Chen,
2000; Liu et al., 2009). It is noteworthy that most of
our meteorological stations are located at middle eleva-
tions between 1000 and 2000 m a.s.l., where the ele-
vation effect may not be so prominent. This is corrob-
orated by the finding of a remarkably strong warming
at the high-elevation stations (Deqin and Zhongdian,
>3000 m a.s.l.) in the northwest of the YP (Figure 9,
Table S1).

5. Conclusion remarks

In this study, annual and seasonal temperatures (mean,
minimum and maximum) were investigated for their
spatial and seasonal trends and variability, based on
a dataset of 119 meteorological stations over the YP
during 1961–2004. Regional annual temperature has
risen by 0.3 °C/decade during the past 44 years. The
warming trends were found to be more pronounced
during the winter season from November to February,
whereas summer warming is mostly confined to the south
part of the YP. Regional warming trends in monthly
minimum temperatures are more prominent than increase
of maximum temperatures. Greater and more consistent
warming was found in the south and northwest (high-
elevation) area of the YP, but less in the east. In contrast,
the hot-dry valleys of the Great Asian Rivers experienced
a cooling trend during the past decades.
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