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Abstract This study analyzed the changes in precipita-
tion over summer and autumn across the Yunnan region of
China, and undertook a composite analysis of the atmo-
spheric circulations in the troposphere, which included an
analysis of the interannual and interdecadal variations.
This paper examines in detail the circulation backgrounds
of the wet and dry periods in summer and autumn and their
correlations with the sea surface temperature. The results
indicated that the summer and autumn precipitation across
Yunnan has significantly decreased over the past 50 years.
Furthermore, since the beginning of the century, the
summer and autumn precipitation cycle has been in a low
precipitation phase. The overlap of two extremely low rain
phases has caused frequent droughts in the region. In
addition, the atmospheric circulation fields during these
wet and dry periods are very different. These are mainly
shown as a meridional wind anomaly in eastern China in
the low atmosphere, as a cross-equatorial airflow anomaly,
a tropical zonal wind anomaly over the Indian Ocean, and
as a related South Asia High and Western Pacific
Subtropical High. Further analysis suggested that the
SST over the Indian Ocean and the Pacific warm pool
critically affect the anomalous summer and autumn
precipitation over Yunnan by impacting the monsoon
circulations. Future projections for greenhouse gas warm-
ing suggest a potential anomalous circulation background
between 2010 and 2020 which may result in less
precipitation during the wet season or even drought events
across the Yunnan region.
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1 Introduction

Global warming predictions suggest that droughts, floods,
and other extreme weather events will become more
frequent, and that these events will directly impact people’s
livelihoods and the local economy. As a result, the
prediction and identification of the causes of extreme
weather events has become essential (Liu et al., 1996;
Frich et al., 2002; Garcia-Herrera et al., 2007; Korecha and
Barnston, 2007). Extreme successive drought events have
occurred over southwest China in recent years, including
an abnormal drought over Yunnan in spring 2005, a severe
summer drought across Sichuan and Chongqing in summer
2006, and a disastrous drought over the five provinces
centered over Yunnan and Guizhou Provinces between
autumn 2009 and spring 2010 (Huang et al., 2012). These
droughts have brought inestimable economic losses to the
affected areas. The severe drought event in southwest
China between autumn 2009 and spring 2010 has been
investigated and analyzed by a number of researchers
(Song et al., 2011; Huang et al., 2012; Qian and Zhang,
2012). The climate in this region is highly variable. These
persistent drought events have numerous impactful factors
and the related physical mechanisms are complex.
Yunnan, China lies in a low-latitude plateau. It is the
convergence zone of two monsoons: the East Asian and
South Asian monsoons, and is therefore sensitive to
monsoonal variations. The characteristics of a monsoon
can vary due to the interaction of many different elements.
Several studies have indicated that the Asian monsoons are
weakening (Wang, 2001). The weakening of the East
Asian monsoon helps to form the flood patterns seen in
southern China and the droughts recorded in northern
China (Ding et al., 2013; Wang and Fan, 2013). The East
Asian summer and winter monsoons have declined since
the mid-1970s. The precipitation over the southwest region
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has correspondingly changed; that is, the southwestern
areas that are affected by the weak East Asian summer
monsoon experienced decreased rainfall in summer. Qi et
al. (2012) suggested that, because summer precipitation
over the southwest accounts for the largest proportion of
the total yearly rainfall, the variation in the summer
precipitation must directly influence the total yearly
precipitation pattern. Therefore, the weakening of the
East Asian summer monsoon is an important impact factor
which has led to a reduction in annual precipitation over
the southwest region. The results also indicated that there
was a close relationship between the South Asian summer
monsoon and the precipitation over Yunnan Province.
Moreover, the South Asian summer monsoon index has
also decreased in recent decades (Li et al., 2014).

Many scholars use global atmosphere-ocean coupled
models (Min et al., 2004; Zhang et al., 2011; Chen, 2012;
Diffenbaugh and Giorgi, 2012; Lau et al., 2012; Liu et al.,
2012; Deng et al., 2013) or regional climate models (Boo et
al., 2006; Sato et al., 2007) for future climate prediction
and projection. These are primarily long-term simulations
based on the A2 scenario in the Special Report on
Emission Scenarios (SRES; Nakicenovic and Swart, 2000)
or Representative Concentration Pathways (RCPs; van
Vuuren et al., 2007; Meinshausen et al., 2011; Taylor et al.,
2012). Based on the Coupled Model Intercomparison
Program 5 (CMIPS5) data, Xu and Xu (2012) found that
precipitation will tend to decrease in the southern parts of
China between 2011 and 2040. In addition, the Northern
Hemisphere monsoon onset will advance and withdrawal
will be delayed between 2006 and 2100, causing monsoon
precipitation to increase significantly (Lee and Wang,
2014).

It is important to determine if such a series of dry years
are random weather events, variations in the annual
weather cycle, or longer term decadal or inter-decadal
changes. This study analyzed the variation characteristics,
the atmospheric circulation background, and the potential
trigger factors for precipitation in summer (June, July,
August) and autumn (September, October, November)
across the Yunnan region, investigated if circulations could
cause precipitation anomalies in summer and autumn
before 2020 by analyzing the CMIP5 data, and estimated

the future development trend for drought. Global climate
change causes uneven temporal and spatial precipitation
distributions, which means that flood and drought disasters
would become more frequent. Climate change in Yunnan
Province is directly related to critical issues, such as the
sustainable regional economic development, water
resources utilization, environmental change, impact on
human society, etc. Therefore, investigating the Yunnan
regional precipitation variation characteristics, especially
the wet season trends, is of vital scientific significance and
can provide reliable information that could be used to
improve disaster prevention and mitigation.

2 Data and methods

This paper uses observation data collected from 124
stations (Fig. 1(a)) over Yunnan Province, the monthly
wind re-analysis data (2.5° x 2.5°) from National Centers
for Environmental Prediction (NCEP, USA)/National
Center for Atmospheric Research (NCAR, USA) (Kalnay
et al., 1996), and the monthly sea surface temperature
(SST) data (1° x 1°) from the Meteorological Office,
Hadley Centre, UK (Rayner et al., 2003). The data covered
the period of 1961-2011. The CMIP5 monthly data used
for wind projection were derived from the simulated results
of seven globally coupled ocean—atmosphere models from
the Intergovernmental Panel on Climate Change 5th
Assessment Report (IPCC ARS). This included the
1961-2005 data from a historical simulation experiment
and the 2006-2020 data predictions by the RCP4.5
experiment for future scenario projections, which repre-
sents the moderate emission of greenhouse gases (GHG).
The basic information from the seven models is shown in
Table 1. See http://pcmdi-cmip.lInl.gov/cmip5/availability.
html for more detailed information.

The statistical methods adopted in this paper were
correlation analysis, moving average treatment, the use of
least squares to calculate linear trends, and composite
analysis. To compare the wind reanalysis data, the bilinear
interpolation method (Wang et al., 2006) was used to re-
grid the above-mentioned model results to 2.5° x 2.5°
grids (Wild and Schmucki, 2011; Polade et al., 2013).

Table 1 Climate model details

No. Model Research institute Resolution (meri-
dional x zonal)

1 bee-csml-1 Beijing Climate Center, China Meteorological Administration 2.8° x 2.8°

2 CCSM4 National Center for Atmospheric Research 1.25° x 0.94°

3 FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences; and CESS, Tsinghua University 2.8° x 2.8°

4 FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences 2.8° x 1.66°

5 GFDL-CM3 Geophysical Fluid Dynamics Laboratory 2.5° x 2.0°

6 HadGEM2-AO National Institute of Meteorological Research/Korea Meteorological Administration 1.875° x 1.25°

7 MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) 1.875° x 1.87°
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Previous studies noted that the root mean square error of
the ensemble means of the models was lower than that for
the individual models (Lambert and Boer, 2001), indicat-
ing that more reliable predictions can be acquired using
ensembles (Tebaldi and Knutti, 2007). Therefore, an
equivalent weighted average (arithmetic mean value) was
calculated for the seven models.

3 Variation characteristics for precipitation
across the Yunnan region

Significant differences in precipitation across the Yunnan
region are evident between the dry and wet seasons. Figure
1 shows the annual precipitation cycle for 124 meteor-
ological stations located across the Yunnan region between
1961 and 2011. Figure 1(b) suggests that the monthly
rainfall has a unimodal pattern. The southwest monsoon
means that the wet season begins in May and lasts until
October. During this period, there is a high amount of
rainfall in June, July and August, with the monthly mean
precipitation exceeding 180 mm. The dry season extends
from November to the next April, with monthly rainfall
less than 50 mm. The precipitation data show that spring,
summer, autumn, and winter (Fig. 1(c)) account for 16.3%,

55.2%, 23.9%, and 4.6% of annual precipitation, respec-
tively. The accumulated rainfall for summer and autumn
accounts for more than 75% of the annual total, so any
changes in those precipitation levels will have a major
impact on potential flood and drought events over this
region. This study defines summer (JJA) and autumn
(SON) as the wet season and will analyze the rainfall
characteristics for this period.

Figure 2 shows annual and wet season precipitation
variations in Yunnan over the past 50 years. The seasonal
precipitation shows significant interannual and interdeca-
dal variations. Generally speaking, annual, summer, and
autumn seasonal, precipitation levels have decreased by
varying degrees, yet increased in spring and winter (data
not shown). The annual precipitation linear trend was
153.5 mm/100 yr, for summer it was 170.4 mm/100 yr, and
for autumn it was 62.5 mm/100 yr. The summer precipita-
tion trend was significant at the 95% level. The curves
obtained by using the moving average method showed that
summer precipitation (Fig. 2(c)) was abnormally high from
the 1960s to the early 1970s, but then fell below average
until the early 1990s. Another pluvial or wet period began
in 1993, but after 2003, the area again experienced periods
of minimal rainfall. In the 1980s, there was a decrease in
interdecadal variation characteristics for autumn precipita-
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Fig. 1 Locations of 124 meteorological stations in Yunnan Province (a); annual precipitation cycle data from 124 meteorological
stations in Yunnan Province between 1961 and 2011 (b, c; unit: mm).
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Fig. 2 Time series for precipitation (a, ¢, e, g, red lines represent 11 yr running average, blue lines are the linear trends, unit: mm) and
cumulative anomaly curves between 1961 and 2011 (b, d, f, h, unit: mm); (a, b) annual, (c, d) JJA, (e, f) SON, (g, h) JJA and SON
accumulations.
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tion (Fig. 2(e)). Precipitation increased from the early
1980s to 2000, but subsequently decreased showing a
negative anomaly in both summer and autumn. We
analyzed the precipitation over the two seasons and
obtained a time series for precipitation variation in the
wet season (summer and autumn) (Fig. 2(g)). The summer
(JJA) and autumn (SON) precipitation linear trend was
233.0 mm/100 yr, which was significant at the 95% level.
When compared with the annual precipitation (Fig. 2(a)),
we can see similar interdecadal variation patterns in that
both show a continual decreasing trend after the early
2000s. These results indicate a reduction in precipitation
over the Yunnan region in recent years and that the
occurrence of successive drought disasters has primarily
been caused by the negative precipitation anomaly in the
wet season.

Figures 2(b)-2(h) show the yearly variation curves for
precipitation anomaly accumulation, clearly indicating
precipitation changes over the different seasons. There
are many phases of interdecadal oscillation and the turning
points on the curves show when wet periods and dry
periods appeared. The cumulative anomaly series for JJA
precipitation shows a double-peaked shape over the past
50 years (Fig. 2(d)), and every peak pattern corresponds to
one variation cycle of the decadal positive and negative
precipitation phases. In this cumulative anomaly curve,
1993 to 2002 was a wet period and 2002 to 2011 was a dry
period. The SON cumulative precipitation anomaly has a
single-peak pattern after 1980 (Fig. 2(f)), different from the
JJA precipitation, and has a longer variation cycle. From
1980 to 1995, precipitation increased and remained stable
for a short period, but in 2000, it decreased, resulting in a
dry period. The annual precipitation decreased after 2000,
as did the JJA and SON accumulations (Figs. 2(b) and 2
(h)). Thus, it is shown that the period since 2000,
experiencing significantly less rainfall, was the negatively
contributing factor for the cumulative precipitation anom-
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aly over the past 50years in Yunnan. However, the
principal cause was the decrease in JJA and SON.

In summary, the JJA and SON precipitation accounts for
a large proportion of the annual precipitation, but the JJA
and SON cycle variations are different. The JJA and SON
precipitation phases overlap after 2000, especially during
the dry periods where they significantly influence the
drought event frequency over Yunnan. It is important to
understand the circulation background behind such
changes in precipitation for the two seasons so that we
can predict future trends.

4 Analysis of the circulation background
behind the precipitation anomalies

Precipitation anomalies are usually related to changes in
atmospheric circulation over a given period of time. We
analyzed the statistical relationships between precipitation
and circulation anomalies in summer (JJA) and autumn
(SON) by investigating the atmospheric circulation back-
grounds. We chose a significantly abnormal dry year and
wet year by standardizing the precipitation series for JJA
and SON (Fig. 3). The years with standardized anomaly
values >1 are wet years while the years with standardized
anomaly values < —1 are dry years. We selected periods
with approximate anomaly values of >0 as wet periods,
and values of < 0 as dry periods (Table 2).

4.1 Analysis of the summer circulation field

The correlation between precipitation and wind fields over
Yunnan was investigated. Figures 4(a) and 4(b) show the
correlation analyses between summer precipitation and the
700 hPa and 200 hPa wind fields. The shaded areas show
where the results were significant at the 95% or 99%
confidence levels. It was observed that from west to east
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Fig. 3 Time series for (a) JJA and (b) SON standardized precipitation between 1961 and 2011 (dashed line is the boundary of +1
standardized anomalies, red line represents 11 yr running average, blue line is the linear trend, unit: 1).
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Table 2 The wet and dry years (periods) for JJA and SON

Summer (JJA)

Autumn (SON)

Wet year 1961, 1966, 1968, 1971, 1986, 1998 1965, 1973, 1983, 1986, 1987, 1991, 1995, 1999, 2001
Dry year 1975, 1988, 1989, 1992, 2003, 2006, 2009, 2010, 2011 1962, 1969, 1984, 1998, 2002, 2003, 2009

Wet period 1961-1971, 1994-2002 19862001

Dry period 1987-1993, 20032011 2002-2011

— over the southern Arabian Peninsula, the tropical
Indian Ocean, the Bay of Bengal, the Indo-China
Peninsula, and the area between the Peninsula and the
Philippines —the 700 hPa wind had a high correlation
with the Yunnan summer precipitation. This suggested that
the moisture for the Yunnan summer precipitation came
not only from the Bay of Bengal, brought on by the
southwest winds, but also from the Western Pacific warm
pool carried by the southeast winds. In addition, it is
noteworthy that the summer precipitation over Yunnan was
positively correlated with the abnormal southerly wind
over the East Asian monsoon region, the abnormal cross-
equatorial flows from the Southern Hemisphere over the
East Indian Ocean and 130°E, and with the abnormal
westerly wind from the Bay of Bengal to the Indo-China
Peninsula.

In the 200 hPa high-level wind field, the Chinese
mainland was mainly dominated by abnormal cyclones
whereas the western Tibetan Plateau was controlled by
abnormal anticyclones. Between the two abnormal sys-
tems, significant north winds blew over the Tibetan Plateau
at 200 hPa, while the tropical Indian Ocean experienced
significant easterly winds. When the South Asia High
position leans towards the west and the Western Pacific
Subtropical High is weak, Yunnan tends to have more rain
in summer, while at the same time, the tropical vertical
circulation over the Indian Ocean is abnormally strong.
Monsoon activity, the South Asian High, and the Western
Pacific Subtropical High significantly affect the East Asian

WE IS TT Y Y PN Y YNy
Arrepee S NeeeceR XA P avyyud (a)
Vv’

Naa> 1Ay N S
NPT T auyy>? ;

Y VP PRS LN ¢]
v

\¢x1+,‘\\‘zf 1 ::
QN Y

7
N SN 2
N AR ] R

100°E

60°E 80°E 120°E  140°E

summer climate. The analysis shows that the cross-
equatorial flows of the low-level Indian Ocean and the
Western Pacific, the winds from the Bay of Bengal to the
Indo-China Peninsula, and the South Asia High over the
Tibetan Plateau are the critical weather systems that
influence summer precipitation in Yunnan.

We used the summer wet and dry years’ data (Table 2) to
analyze the composite mean difference field for the high-
level and low-level winds in the troposphere for both
annual and interdecadal variation during corresponding
periods. Figures 5(a) and 5(b) show the composite
difference field between the low-level and high-level
wind fields for the JJA wet and dry years. The shaded areas
show where the results were significant. The 700 hPa low-
level wind field data show that, during wet years,
anomalous southerly winds consistently appear over
eastern China, abnormal southwest winds blow from the
Bay of Bengal to the Indo-China Peninsula, and stronger
cross-equatorial flows are observed from the Southern
Hemisphere over the Eastern Indian Ocean and 130°E
(Fig. 5(a)). Notably, abnormal westerly winds appear over
Yunnan and the northern Indo-China Peninsula, and the
vapor transport from the Bay of Bengal is stronger. The
difference in the wind field at the 200 hPa level between
wet and dry years is shown in Fig. 5(b). The eastern
Tibetan Plateau is dominated by anomalous cyclones,
while the western plateau is under the control of anomalous
anticyclones. The 200 hPa wind field over the Tibetan
Plateau is dominated by significantly abnormal northerly
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the results were significant at 95% and 99%, respectively).

winds, whereas the tropical Indian Ocean is controlled by
anomalous easterly winds. The 200 hPa dipole pattern for
anomalous circulations over the east and the west of the
Tibetan Plateau are most likely related to zonal oscillations
at the center of the South Asia High. Some studies suggest
that when the location of the South Asia High center leans
toward the east, precipitation amounts typically decrease in
southern China, including Yunnan (Wei et al., 2013).
When the South Asia High moves northwards, it
simultaneously extends to the east, thus promoting the
formation of a circulation condition that leads to a decrease
in summer precipitation over southwest China. Movement
of the South Asia High to the north is negatively correlated
to precipitation in southwest China (Lu et al., 1987; Li et
al., 2012).

Periods with either greater or less than average summer
precipitation are shown in Table 2. The interdecadal
variation in the composite difference field data was
investigated (Figs. 5(c) and 5(d)). These figures show
that the distribution of the 700 hPa anomalous wind field
difference values in summer wet and dry periods were very
similar to the composite wind field (Fig. 5(a)) for the

interannual variation, except that the notable southerly
wind over the mainland was primarily from the South
China Sea and the western Pacific Ocean. In comparison
with Fig. 5(a), the strong westerly wind from the Bay of
Bengal to the Indo-China Peninsula has disappeared,
which possibly suggests that the interannual variation for
summer precipitation over Yunnan is closely related to
moisture transportation from the Bay of Bengal, while the
interdecadal variation is associated with vapor transport
from the South China Sea and the Pacific Ocean. The 200
hPa wind difference field results were similar to the
analysis results for typical wet and dry years. However, the
abnormal anticyclone activity over the western Tibetan
Plateau was not obvious, which indicated that the Western
Pacific Subtropical High anomaly had a greater effect on
the interdecadal differences than did the other highs.

4.2 Autumn circulation analysis
We also analyzed the atmospheric circulation field in

autumn. Figure 6 shows the correlations between the
autumn precipitation over Yunnan and the wind field
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indicating that the autumn precipitation over Yunnan was
poorly correlated with the 700 hPa wind field (Fig. 6(a)).
This may be due to the seasonal reversal from summer to
winter during autumn, which destabilizes the circulation
pattern. However, it is still possible to see the marked
correlation zones. These include west Asia, the Bay of
Bengal, the mid-latitude zones over East Asia, and the
Western Pacific warm pool area. In relation to the summer
occurrences (Fig. 4(a)), to those in autumn over the Bay of
Bengal, the southeast airflow blows from the South China
Sea, and the southerly winds over the eastern section
retreat onto the sea. In the high-level wind field at 200 hPa
(Fig. 6(b)), the area to the east of the Tibetan Plateau was
controlled by an anomalous anticyclone while the Plateau
was dominated by significantly abnormal southerly winds.
This suggests that in the pluvial years over Yunnan, the
South Asia High withdraws from the plateau later, and the
Western Pacific Subtropical High is stronger and leans
towards the west. As compared with the situation in
summer (Fig. 4(b)), the significant anomalous easterly
winds in the tropics typically blew over the east Indian
Ocean and the oceanic continent, and the mid-latitude west
Asia region had a notable anomalous cyclone with marked
abnormal northerly winds near 60°E.

The composite difference field was analyzed using the
chosen autumn wet and dry years. The wet and dry period
data are shown in Table 2. The results showed that in wet
years, eastern China, and especially the North and
Northeast China regions, experienced extremely abnormal
northerly winds in the low-level wind field at 700 hPa (Fig.
5(a)). Furthermore, anomalous southerly winds blew over
the area from the Bay of Bengal to Indo-China to the
Peninsula. This phenomenon indicates that, in years with
more autumn rains, the autumn cold air activities over
North China became stronger and the warm humid air
flows from the Bay of Bengal increased, creating cold and
warm air fronts over Yunnan, which resulted in increased
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precipitation. Moreover, the most notable feature in the
upper-air difference field at 200 hPa was a strong abnormal
anticyclone over the mid-latitude area of west Asia.

Figures 7(c) and 7(d) show the composite wind field
differences for wet and dry periods at 700 hPa and 200 hPa.
At 700 hPa, the abnormal wind distributions are similar to
the composite wind field distribution (Fig. 7(a)) for
interannual variation, although the cross-equatorial air-
flows over the central Indian Ocean and the southerly
airflows over the Bay of Bengal are relatively stronger. At
200 hPa, a disturbed wave-like pattern, which indicates an
“anticyclone—cyclone—anticyclone” anomalous circula-
tion, formed along the line over the “Middle East-Tibetan
Plateau—East Asia” area at around 25°N (Fig. 7(d)). The
wave patterns at the circumglobal scale have been studied
by a number of scientists (Watanabe, 2004; Ding and
Wang, 2005, 2007; Huang et al., 2011; Huang et al., 2013).
Yang et al. (2012) obtained a similar wave pattern when
analyzing the winter precipitation anomaly over Yunnan
Province. This type of wave structure may reflect the
influence of the Asian subtropical westerly jet on the
southern branch trough over the Bay of Bengal. When the
jet stream strengthens, quasi-stationary wave energy
spreads from the Middle East to East Asia and prompts
the deepening of the Tibetan Plateau—Bay of Bengal trough
(Ji et al., 2008), which contributes to the formation of
precipitation over Yunnan. This wave-like anomaly pattern
is shown in Fig. 7(b) and Fig. 6(b), which have consistent
distribution patterns, but with slightly different intensities
and locations. Our analysis has identified the anomalous
distribution features of the typical circulations that affect
autumn precipitation over Yunnan.

5 Analysis of sea temperature anomalies

Many studies have shown that the sea surface temperature
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(SST), especially the SST anomalies in the Pacific (Chang
et al., 2000; Wang et al., 2000; Jin and Chen, 2002) and
Indian Oceans (Xiao et al., 2002; Yang et al., 2007; Li et
al.,, 2010), affect the Asian monsoons and thus cause
significant changes to the East Asia climate. Figure 8(a)
shows the correlation coefficient distribution between the
summer precipitation series over Yunnan and SST over the
same period. The entire Indian Ocean basin has a
consistent negative correlation while parts of the northern
Pacific Ocean have a significant positive correlation. The
Indian Ocean warm pool SST near the equator is
negatively correlated to summer precipitation. In summer,
land warms up quickly, but the ocean warms up slowly due
to the large oceanic thermal inertia. These ocean—land
thermal contrasts critically affect Asian monsoons. The
negative SST anomaly in the Indian Ocean increases the
north—south thermal contrast between land and ocean
resulting in both an increased intensity in the South Asian
monsoon and in the moisture conveyed to Yunnan and
other regions of China by the southwest airflow from the
Bay of Bengal. As seen in Fig. 5(a), abnormal southwest

winds blow over the southern Indian Ocean and from the
Bay of Bengal to the Indo-China Peninsula when the wind
field is 700 hPa. Figure 5(b) shows that in the 200 hPa
wind field, the tropical Indian Ocean is controlled by
anomalous easterly winds. These conditions promote
precipitation in summer over Yunnan. Zhang (2012)
studied heat and vapor transport and found that the
positive anomaly produced by the warm pool surface latent
heat flux over the Indian Ocean in August caused the
monsoon circulation to weaken, which reduced precipita-
tion over the low-latitude plateau region.

The patterns of the correlation coefficient distributions
for autumn precipitation and SST differ from those for
summer (Fig. 8(b)). The autumn precipitation over Yunnan
was negatively correlated to the SST from the tropical
western Pacific Ocean to the eastern Indian Ocean.
Meanwhile, an area with significant positive correlation
appeared in the northeast Pacific Ocean around 20°N. The
study of Jin and Chen (2002) indicated that when the warm
anomaly occurs in the Western Pacific warm pool, the
meridional winds over the Bay of Bengal, the Indo-China
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Peninsula, and the South China Sea, etc. have character-
istics that weaken the summer monsoon over the equatorial
eastern Indian Ocean and the western Pacific Ocean.
Autumn is the season when Asian summer monsoons
gradually fade and finally retreat. On the basis of the above
causes, when the autumn warm anomaly appears over the
Western Pacific warm pool, the intensity of the summer
monsoon is weaker or the summer monsoon retreats
earlier. By combining the above discussion on winds, we
can see that the Indian Ocean SST has considerable
influence on summer precipitation over Yunnan, while the
Pacific Ocean SST has a greater influence on autumn
precipitation.

6 Circulation field simulation and
projection by CMIP5

The models shown in Table 1 have improved Asian
monsoon simulations. Some models reproduce better
moisture transport patterns over the Asian—Australian
monsoon region than others, including bcc-csml-1,
CCSM4, FGOALS-s2, and MPI-ESM-LR (Song et al.,
2013). A 4-6 year period in the Tibetan high was simulated

by FGOALS-s2 and FGOALS-g2. The simulated Tibetan
Plateau precipitation values in FGOALS-s2 and bee-csm1-
1 seemed to be superior to the other models (Duan et al.,
2013). Some previous studies (Xu and Xu, 2012; Zhou and
Xiao, 2014) have suggested that future projections using
CMIPS data show that Yunnan Province and its southern
areas might be relatively dry up to 2020. Because of the
limited capability of the new-generation global ocean—
atmosphere coupled model to simulate the climate in
Yunnan and its surrounding areas, and especially the great
uncertainty present when projecting precipitation directly,
we decided to provide an atmospheric dynamic basis for
the above conclusion by using wind data to analyze the
circulation background. In Section 4, we discussed the
circulation characteristics of the summer and autumn
anomalous precipitations over the Yunnan region. Here,
we discuss whether the circulation background causes the
precipitation anomaly over Yunnan by analyzing the
CMIPS5 data, and will also explore the potential future
precipitation trend.

6.1 Simulation of the summer circulation field

We used the simulation data on the historical atmosphere
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obtained from the Historical Experiment Group for CMIP5
to assess whether the modeling results could simulate
previous wet and dry periods. Figure 9(a) shows the
abnormal wind distributions modeled during the summer
dry period identified in Table 2. It can be seen that in the
dry periods (Fig. 9(a)), there was a consistent significant
easterly anomaly over the northern Indian Ocean and a
northeasterly anomaly from the Bay of Bengal to the Indo-
China Peninsula at 700 hPa. This suggests that in the
simulated wind field during the dry period, the cross-
equatorial westerly flow and the southwesterly flow over
the Bay of Bengal were weaker. This result was similar to
that from the previous analysis based on the observation
data. In the 200 hPa simulated circulation (Fig. 9(c)), there
was a southerly wind above the Tibetan Plateau, the area to
the east of the plateau had an anticyclonic circulation, the
area to its west was under an abnormal cyclonic
circulation, and the tropical Indian Ocean region was
controlled by an abnormal westerly wind. It can be easily
seen that these characteristics agreed with the observa-
tional data analysis results (Section 4) for the summer dry
periods over Yunnan. Therefore, the wind simulation by
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the model does reflect the anomalous circulation features
when either more or less precipitation occurs over this
region. Based on this conclusion, we investigated the wind
output from 2010-2020 under the RCP4.5 modeling
scenario. Figure 9(b) shows the abnormal wind field at
700 hPa during this time period. It can be seen that over the
tropical Indian Ocean and the Bay of Bengal, there is an
easterly anomaly that is consistent with the dry periods
identified in the records. Although a westerly wind exists
over eastern China, almost no southerly wind can be found,
and the Indo-China Peninsula is controlled by anti-
cyclones. The upper-air chart at 200 hPa (Fig. 9(d)) for
the projected 2010-2020 period wind field under the
RCP4.5 scenario also shows a) the significant strong
westerly anomaly over the Indian Ocean, b) the area to the
west of Tibetan Plateau is under the control of cyclonic
circulation, and c) there are southerly wind flows above the
plateau. This finding is similar to the recorded circulation
patterns identified in the dry period. In summary, the
projected result of the CMIP5 model under the future
RCP4.5 scenario indicates that the monsoon circulations
over the Indian Ocean and South China Sea in summer
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may reduce precipitation in Yunnan between 2010 and
2020.

6.2 Simulation of the autumn circulation field

The modeled simulation result of the wind anomaly at 700
hPa for the historical dry periods in autumn show the
anomalous northeast wind over southern China (Fig. 10
(a)). The eastern coast of China lies on the edge of
anomalous cyclones, the South China Sea is dominated by
the northwest wind, and the Indo-China Peninsula is
dominated by westerly winds which reduce moisture
transport from the western Pacific and the South China Sea
to the Yunnan region. In the 200 hPa wind field (Fig. 10
(c)), eastern China is controlled by a cyclonic circulation,
the Indo-China Peninsula is under the influence of
anomalous westerly winds, and the tropical eastern Indian
Ocean and equatorial regions of the oceanic continent are
under the control of light westerly winds. Although the
intensity and location are not particularly accurate, the
general situation basically agrees with the abnormal wind
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characteristics of the autumn dry periods over Yunnan
obtained by observational data analysis. Similarly, we
analyzed the model-simulated results of the 2010-2020
abnormal winds under the RCP4.5 scenario. Figure 10(b)
shows the abnormal wind features at 700 hPa. It can be
seen that the Chinese mainland has anomalous northerly
winds and the Indo-China Peninsula has anomalous
northwesterly winds. The 200 hPa wind field data shown
in Fig. 10(d) indicate that eastern China is under the control
of a cyclonic circulation, the Tibetan Plateau has
significant abnormal westerly winds, and the tropical
eastern Indian Ocean and the equatorial regions of the
oceanic continent are dominated by westerly winds. Along
the line representing the “Middle East-Tibetan Plateau—
East Asia” area, there is one anomalous wave-like pattern
of “cyclone—anticyclone—cyclone,” which is similar to the
circulation pattern shown in Fig. 7(d). Therefore, between
2010 and 2020, it is possible to see the typical
characteristics of wind circulation anomalies that coincide
with the dry period over the Yunnan region, and also that
autumn precipitation over the region may decrease.
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7 Conclusions

In this study, we analyzed the basic precipitation change
characteristics for Yunnan. We undertook composite
analyses of the high- and low-level circulation fields in
the troposphere in order to study the interannual and
interdecadal variations. We investigated the circulation
backgrounds in the wet and dry periods during summer and
autumn, their correlations to SST, and predicted the
circulation anomalies for the 2010-2020 time period
based on the CMIP5 data. The main conclusions of the
research are as follows:

1) The precipitation across Yunnan shows distinct
differences between the dry and wet seasons. The
cumulative precipitation in summer and autumn accounts
for more than 75% of the annual total precipitation, which
means that summer and autumn represent the wet season in
this region. The linear trend for summer and autumn
cumulative precipitation over the past 50 years was 233.0
mm/100 yr. Both the summer and autumn precipitation
data have remarkable interdecadal oscillation features, but
the cycle characteristics of the two are not completely
similar. Since 2000, precipitation during summer and
autumn has decreased resulting in a dry period. This
overlap in dry phases has significantly contributed to the
successive drought events across Yunnan in recent years.

2) The atmospheric circulation characteristics that
correspond to the high or low precipitation periods over
Yunnan in summer and autumn are notably different. The
data suggests that anomalous circulation backgrounds at
the temporal interannual variation and interdecadal varia-
tion scales were very similar and significantly affected
precipitation. At 700 hPa, eastern China experienced
abnormal southerly winds during the summer rainy period.
Remarkable abnormal southwesterly winds blew from the
Bay of Bengal to the Indo-China Peninsula, and the central
Indian Ocean experienced abnormal cross-equatorial air-
flows that entered the Northern Hemisphere. In the autumn
rainy period, eastern China experienced abnormal north-
erly winds, and the Bay of Bengal to Indo-China Peninsula
area still had relatively strong southerly airflows, but the
zonal wind turned eastward. During the summer rainy
period, abnormal northerly winds blew in the 200 hPa
wind fields above the Tibetan Plateau, and the area to its
east (i.e., above China) had a distinct cyclonic abnormal
circulation, while the area to its west was under the control
of an anticyclonic circulation. Such circulation patterns
indicate that the South Asia High leans towards the west
and that the Western Pacific Subtropical High is weak. In
contrast, during the autumn dry period, the Tibetan Plateau
was controlled by significant abnormal southerly winds,
the area to its east was affected by an anticyclonic
circulation, and the area to its west was under an abnormal
cyclonic circulation. At middle latitudes from Middle East
to East Asia, there was one abnormal circulation

disturbance wave-like structure called a “cyclone—antic-
yclone—cyclone.”

3) These results showed that summer precipitation over
the Yunnan region was closely related to the SST anomaly
in the Indian Ocean, while autumn precipitation was more
closely related to the SST anomaly in the western Pacific
Ocean. The amount of autumn precipitation was highly
correlated with vapor transport from the South China Sea
and the western Pacific Ocean.

4) The global coupled ocean—atmosphere models were
quite successful at simulating the typical characteristics of
the high- and low-level winds that influence the summer
and autumn rainfalls over the Yunnan region. The future
RCP4.5 scenario projection analysis by CMIP5 suggests
that the typical features of the high- and low-level winds
between 2010 and 2020 will lead to a decrease in
precipitation in summer and autumn, which will likely
lead to an increase in drought events over this region.
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