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ABSTRACT

In a globally warming world, subtropical regions are generally expected to become drier while the tropics and mid-high
latitudes become wetter. In line with this, Southwest China, close to 25°N, is expected to become increasingly prone to
drought if annual mean precipitation decreases. However, despite this trend, changes in the temporal distribution of moisture
supply might actually result in increased extreme rainfall in the region, whose climate is characterized by distinct dry and wet
seasons. Using hourly and daily gauge observations, rainfall intensity changes since 1971 are examined for a network of 142
locations in the region. From the analysis, dry season changes are negligible but wet season changes exhibit a significantly
strong downward trend [—2.4% (10 yr)~!], particularly during the past 15 years [-17.7% (10 yr)~!]. However, the intensity
of events during the wettest of 5% hours appears to steadily increase during the whole period [1.4% (10 yr)~!], tying in with
government statistical reports of recent droughts and flooding. If the opposing trends are a consequence of a warming climate,
it is reasonable to expect the contradictory trend to continue with an enhanced risk of flash flooding in coming decades in the
region concerned.
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1. Introduction The region is particularly sensitive to long-term climate
variability and anthropogenic climate change. Recent years
have seen some of the worst meteorological disasters in his-
tory, with profound impacts on society and the economy. De-
spite occurring during the rainy season, severe drought during
summer 2006 caused water scarcity for 18 million people and
nearly 2 billion US$ of economic losses (Li et al., 2009). In
the dry season, drought events have become more and more
frequent. The severe drought of 2009/10 lasted for three con-
secutive seasons (Huang et al., 2012), causing drinking water
shortages for 19 million people and livestock and 3 billion
US$ of economic losses (Sun et al., 2012). Since the 2009/10
drought, a further six years of spring drought have also oc-
curred in Yunnan Province (China Meteorological Adminis-
tration, http://news.sciencenet.cn/htmlnews/2014/12/310444.
shtm).

A further key characteristic of Southwest China is its
terrain. This is complex and mountainous, with an average
height of 1500 m above sea level and varying between 100 m
and 6000 m (Fig. 1). This often enhances the impacts of the
most intense convective rainfall episodes, frequently caus-
ing landslides and flashfloods, such as a series of events that
caused devastation in Gongshan County (a mudslide trig-
* Corresponding author: Chan XIAO gered by torrential rain left 67 people missing), Yunnan, dur-
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The hydrological cycle is likely to strengthen in a warmer
world with increased globally averaged rainfall (e.g., Wu et
al., 2010; IPCC, 2013). However, changes are highly unlikely
to be uniform. While mid-high latitudes and (already wet)
tropical regions are likely to become wetter, the subtropics
are expected to become drier (Chou and Neelin, 2004; Chou
et al., 2009), increasing the frequency of regional drought
(Dai, 2012). For policymakers preparing adaptation strate-
gies, these differing trends can be confusing as well as ex-
pensive to prepare for, especially for regions with a mixed
tropical/subtropical climate.

Southwest China, southeast of the Tibetan Plateau, is lo-
cated in the subtropics around 25°N (Fig. 1). The region
is characterized by clearly distinctive dry and wet seasons.
Summer and autumn make up the wet (rainy) season, con-
tributing 80% of total annual precipitation (Qin et al., 1997).
Summer rainfall in Southwest China is predominantly con-
vective and highly dependent on surface heating and conse-
quently usually occurs in the afternoon or early evening, often
in short episodes of high intensity.
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Fig. 1. Location of the Southwest China drought region
(shaded: surface elevation; units: m) and the wet season (sum-
mer and autumn) precipitation proportion to the annual precip-
itation amount averaged from 1961-2013 (contours; units: %).
The target area is marked by a rectangle and the 142 rain gauge
stations in this area are indicated by black dots.

landslide-idUSTRE67HOKL20100818).

Drought and floods are the principal meteorological dis-
asters in this region and account for 70% of total economic
losses from meteorological disasters (Qin et al., 1997; Cheng
et al., 2009). By virtue of the dual challenges of drought and
flood, Southwest China is particularly vulnerable to changes
in long-term climate variability and anthropogenic climate
change. By occurring separately, for example in different
years, both could potentially become more frequent in future.

Increasing precipitation extremes against a drying cli-
mate background is a new phenomenon and poses new chal-
lenges for climate adaptation and water resources manage-
ment. Awareness and scientific understanding of these chal-
lenges are thus clearly beneficial to policymakers, as well
as the general public, for this predominantly rural, relatively
poor region of China, heavily dependent on agriculture (Qiu,
2010; Wang et al., 2015a). A combined assessment of the
dual drought and flood challenges is largely absent in the lit-
erature and thus forms a key aim of this paper. Section 2
describes data and methods; section 3 presents the main find-
ings. The whole paper is summarized in section 4 with con-
clusions.

2. Data and methods

Southwest China is defined here as the geographical area
bounded by the rectangle (22°-29°N, 96°~106°E) as shown
in Fig. 1. This particular region is the focus here in light
of recent impacts and its already high vulnerability to natu-
ral disasters. Rain gauge data are taken from the National
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Meteorological Information Center (NMIC), China Meteo-
rological Administration, which runs a nationwide observa-
tional network of over 2400 weather stations. There are 142
stations (shown as dotted in Fig. 1) in our target region for
the years 1971-2013. To describe changes in extreme as-
pects of this rainfall requires analysis of hourly observations
rather than of daily, 24-h means used in most studies. Of
the 142 stations, 61 have hourly observations. Rainfall ac-
cumulations were recorded using either siphon or tipping-
bucket rain gauges up to the year 2000 and automatic me-
teorological stations thereafter. Daily values were compiled
from manual observations of six-hourly accumulations. Both
hourly and daily data were quality controlled by the NMIC
using extreme value and consistency tests. Further quality
control involved a consistency test between the hourly daily
and quality-controlled daily data (NMIC, 2012, 2013; Zhang
et al., 2016). The crop areas affected by floods and droughts
from 1971 to 2013 were supplied by the Chinese Ministry of
Agriculture (http://202.127.42.157/moazzys/zaiqing.aspx).

3. Results

Figure 2 shows the historical records of crop areas af-
fected by drought (Fig. 2a) and floods (Fig. 2b) for the period
1971-2013 in Yunnan Province based on annual statistics
from the Chinese Ministry of Agriculture. It is clear that
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Fig. 2. Annual (a) drought-affected and (b) flood-affected crop
area (units: 10° km?) in Yunnan Province, 1971-2013. Black
lines show corresponding linear trends. Note: there is no
drought-affected crop area data in 1971 and no flood-affected
crop area data in 1982.
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impacts from drought have significantly increased during the
past 43 years, with the extreme 2009/10 drought (affecting
an area about four times greater than that in a normal year)
consistent with analysis by Zhang et al. (2013). The drought-
affected crop area has more than doubled since 1971. In the
meantime, the crop area affected by floods has also increased
dramatically. For the same period, the flood-affected crop
area has increased by 96%, statistically significant at the 1%
level (Fig. 2b). It is also noted here that the increase in floods
has not been as steady as drought, with a strong interdecadal
signal.

Figure 3 shows observed annual and wet season (sum-
mer and autumn) precipitation accumulations (red and black
lines, respectively) area-averaged for Southwest China. A
significant (at the 90% level, based on the Student’s 7-test)
decreasing trend in annual total precipitation of 18.2 mm (10
yr)_1 is clearly shown. This correlates well (r = —0.37) with
the increasing drought occurrence shown in Fig. 2a. The wet
season rainfall total (black line, of an average 797 mm) ac-
counts for 80% of the annual total. This large contribution
is clearly reflected in the consistency between the interannual
variability of the annual and wet season totals. The decreas-
ing annual trend is clearly dominated by a similar trend in the
wet season [of —18.9 mm (10 yr)~! or —2.4% (10 yr)~!, also
significant at the 10% level].

A clear drying is seen in both the annual total and wet sea-
son precipitation experience after about 2000, which acceler-
ated the overall trend, and which has attracted some concern
(Wang et al., 2015a). Our results support the findings of Xu
et al. (2015) and Wang et al. (2015b). Xu et al. (2015) and
Wang et al. (2015b) pointed out this rainfall variation and its
possible cause over Southwest China in summer and autumn,
respectively. Xu et al. (2015) suggested strong contributions
to the drying from changes in the northwestern Pacific sub-
tropical and South Asian anticyclones. These key circulation
patterns heavily influence water vapor convergence and ver-
tical motion over Southwest China. They also suggested how
warming in the tropical Atlantic warming, via wave activity
anomalies over Eurasia, could have played a role. There re-
mains, however, much uncertainty regarding the robustness
of such mechanisms.

Figure 3 also shows the high contribution to the annual
rainfall from that during the wet season. Any increase in dry
season rainfall is unlikely to significantly reverse the annual
total trend, since rainfall during this season contributes little
to the annual total. Most recent studies on Chinese drought
have tended to focus on the reasons for winter and spring sea-
son droughts in Southwest China. Tan et al. (2017), for ex-
ample, suggested a role of decadal Arctic Oscillation and El
Nifio variability as contributors to winter drought. The trends
shown above, however, suggest a stronger focus is needed on
summer drought trends, whose causes currently remain un-
explained.

We now consider the wettest 5% of hours, in view of their
impacts mentioned earlier. The threshold of the wettest 5% of
hours was determined by pooling together all summer hours
from the whole period. The blue line in Fig. 3 shows the
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Fig. 3. Observed area (22°-29°N, 96°-106°E) averaged wet
season (summer and autumn) rainfall (left axis; black line;
units: mm), annual mean rainfall (left axis; red line; units: mm)
and contributions from the wettest 5% summer hours (right
axis; blue line; units: %) during 1971-2013. Dashed lines show
corresponding linear trends.

percentage proportion of the summer accumulation from
rainfall that fell during the wettest 5% of summer hours since
1971. A significant (at the 90% level) increasing trend is
present. A linear upward trend of 1.4% (10 yr)™! is statis-
tically significant at the 10% level. Interestingly, this is of
an opposite sign to that of the drying trend in summer season
totals, despite both occurring during summer. The opposing
trends strongly match those, described earlier, of the drought
and flood affected areas in Fig. 2. This is a key finding of this
study and explains the observed increases in damages from
both drought and floods.

In order to ensure that the trends shown in Fig. 3 are not
dominated by a small subset of stations, Fig. 4 shows the spa-
tial distribution of trends in summer rainfall (Fig. 4a) and the
proportion of total summer rainfall from the wettest 5% of
hours (Fig. 4b). Decreasing trends of total summer rainfall
(significant in the south) are seen from almost all stations in
the region. However, similar to what we have seen from Fig.
3 above, this trend is contradicted by a positive trend in the
contribution to these totals from the wettest 5% of hours (for
the stations from which hourly data were available). To ex-
amine the extent of this contradiction in terms of the rainfall
distribution, the lower panels of Fig. 4 show the trends in
rainfall totals from hours of low (< 2 mm) and high (> 20
mm) intensity rainfall. For the low intensity, Fig. 4c shows
a widespread decreasing trend, particularly in the west, of up
to 8 mm (10 yr)~!'. The decreasing trend at most stations is
statistically significant at the 10% level. In contrast, an in-
creasing trend is seen (Fig. 4d) in the high intensity rainfall.

It is also useful to examine how rainfall of differing in-
tensity contributes to the overall total. We do this here by
considering categories of contribution to total seasonal rain-
fall, conditioned on hourly intensity. For this, the hourly in-
tensities were initially ranked from driest to wettest. Then,
starting from the driest hour, hours were collated together
until their sum of rainfall reached 10% of the seasonal total.
The observed trend for this first 10% (“category of contribu-
tion conditioned on intensity 1”) was then calculated. The
process was then repeated for a further nine, progressively
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Fig. 4. Linear trends [units: mm (10 yr)_l] for the period 1971-2013 of the (a) summer rainfall, (b) proportion of total
summer rainfall that fell during the wettest 5% of summer hours, and (c, d) summer rainfall during hours of rainfall

intensity (¢) <2 mm h~! and (d) > 20 mm h~!. Filled circles denote trends statistically significant at the 10% level.

wetter 10% categories. Figure 5 shows the rainfall totals and
frequency trends for all 10 categories.

Decreasing trends dominate the six lightest intensity cat-
egories, which summed together account for 60% of the total.
For the high intensity categories, increases are seen. Overall,
the results suggest that the decreasing low intensity rainfall
more than offsets the increase in high intensity rainfall cul-
minating in the decrease in total rainfall. The positive trend
in high intensity rainfall, however, suggests a greater risk of
flash floods.

The results shown here support similar recent findings in
the literature using daily mean observations. For instance, Li
et al. (2012) showed significant increasing regional trends in
99th percentile and maximum one-day precipitation values
concomitant with shorter periods of consecutive wet days.
Chen and Zhai (2014) reported fewer wet days and wet peri-

ods of longer than three days but more frequent wet periods
of less than three. However, a recent study by Ma et al. (2015)
found that almost all precipitation categories showed decreas-
ing trends for both precipitation amount and frequency from
1960-2013 over Southwest China. Taken together with the
literature, however, our analysis shows that against the obvi-
ously decreasing rainfall background over Southwest China,
low intensity events are becoming significantly dryer whilst
heavy rainfall intensity events are increasing.

4. Conclusions

It is generally expected that global warming will
strengthen the hydrological cycle with increased precipitation
globally. The increase, however, is highly inhomogeneous,
with the tropics and polar regions getting wetter whilst the
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Fig. 5. Linear trends [units: % (10 yr)’l], relative to the cli-
matological mean of each category, of observed summer (a)
rainfall and (b) frequency for categories of contribution to to-
tal rainfall, conditioned on intensity. Each category contributes
10% to the total. Rainfall intensity is smallest for the leftmost
categories and greatest for the rightmost.

subtropics are becoming drier. Southwest China, in the sub-
tropics, southeast of the Tibetan Plateau, consequently faces
a generally drying future. Annual precipitation is dominated
by the wet season and characterized by convective rainfall.
Using annual statistical records from the Chinese Ministry
of Agriculture, this paper documents an increasing trend of
drought and floods. By analyzing high-resolution precipi-
tation observations, the annual and wet season precipitation
over Southwest China is shown to have decreased during the
period 1971-2013. A significant downward trend [-2.4% (10
yr)~!'] is found for the wet season’s rainfall. However, pre-
cipitation extremes over the region have increased. Rainfall
during the wettest 5% of hours has increased, with a trend of
1.4% (10 yr)‘1 . Rainfall during hours with at least 20 mm has
also shown an increasing trend, at the expense of decreasing
low-intensity rainfall.

The combination of decreasing annual and wet season to-
tal rainfall with increasing extremes poses an increasing risk
of flash floods with a drying climate for the region. If these
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trends continue in the future, as suggested by Wang et al.
(2014) and Wu et al. (2015), based on CMIP5 model projec-
tions, policymakers and the general public in the region will
have to deal with the dual challenge of not only preparing
for drought-related water shortages and agricultural stress,
but also increasingly frequent and extreme flash floods and
landslides. Further research along this direction is clearly re-
quired to build on the findings presented here. This includes
improving understanding of the mechanisms, as well as the
quantification and reduction of uncertainties, ultimately al-
lowing reliable future climate projections for the region.
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