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ABSTRACT

Significant increases of heavy precipitation and decreases of light precipitation have been reported over widespread
regions of the globe. Global warming and effects of anthropogenic aerosols have both been proposed as possible causes of
these changes. We examine data from urban and rural meteorological stations in eastern China (1955–2011) and compare
them with Global Precipitation Climatology Project (GPCP) data (1979–2007) and reanalysis data in various latitude zones
to study changes in precipitation extremes. Significant decreases in light precipitation and increases in heavy precipitation are
found at both rural and urban stations, as well as low latitudes over the ocean, while total precipitation shows little change.
Characteristics of these changes and changes in the equatorial zone and other latitudes suggest that global warming rather
than aerosol effects is the primary cause of the changes. In eastern China, increases of annual total dry days (28 days) and
�10 consecutive dry days (36%) are due to the decrease in light precipitation days, thereby establishing a causal link among
global warming, changes in precipitation extremes, and higher meteorological risk of floods and droughts. Further, results
derived from the GPCP data and reanalysis data suggest that the causal link exists over widespread regions of the globe.
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1. Introduction

Significant increases of heavy precipitation, sometimes
with decreases of light and moderate precipitation, have been
reported over extensive land areas (e.g. Karl and Knight,
1998; Manton et al., 2001; Klein Tank and Können, 2003;
Fujibe et al., 2005; Groisman et al., 2005; Goswami et al.,
2006; Qian et al., 2010; Benestad, 2013). Specifically for
China, similar changes have been reported in a large number
of studies (e.g. Liu et al., 2005; Qian et al., 2007; Wang
and Zhai, 2008; Zhu et al., 2009; Wu and Fu, 2013; Jiang et
al., 2014). In fact, increases of heavy precipitation and de-
creases of light and moderate precipitation have been found
at most latitudes within 60◦S–60◦N (Liu et al., 2009; Shiu
et al., 2012), even over tropical oceans (Lau and Wu, 2007,
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2011). Overall, there have been increases of precipitation in-
tensity as a result of the combination of increases in heavy
precipitation and decreases in light precipitation, i.e. there is
a shift from light precipitation toward heavy precipitation.

It is known that global warming can enhance precipitation
intensity and thus change precipitation extremes (Trenberth,
1998; Allen and Ingram, 2002; Semenov and Bengtsson,
2002; Trenberth et al., 2003). Increases in heavy precipitation
can increase surface runoff and lead to more and worse floods
and mudslides; while decreases of light and moderate precip-
itation can lengthen dry spells and increase the meteorologi-
cal risk of drought because light and moderate precipitation
is a critical source of soil moisture as well as ground water.
Nevertheless, attributing increases of floods and/or droughts
to global warming has been problematic for a number of rea-
sons. First, quantifying trends of floods and droughts is diffi-
cult because there is no well-established index for floods and
droughts, particularly in terms of their degrees of severity.
Second, extensive flood-control and drought-prevention en-
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gineering such as dams and irrigation systems can drastically
change observed trends of floods and droughts. In addition,
short-term aerosol effects have also been proposed to change
the precipitation intensity and thus the extremes (Warner and
Twomey, 1967; Gong et al., 2007). Here, we differentiate
short-term aerosol effects, which include microphysical and
radiative effects of aerosols with a time scale up to several
days, from the long-term effect of aerosols on the climate,
which is part of global warming with a time scale of decades.

The quantity of global total annual precipitation, which
is equal to global evaporation and determined by the global
surface energy budget, increases with global temperature
at a rather small rate of about 2%–3% K−1 (Cubasch et
al., 2001). Analysis during the Intergovernmental Panel on
Climate Change’s Fourth Assessment Report (AR4) of two
long-term gauge-based precipitation datasets over land—the
Global Historical Climatology Network (GHCN) (Vose et al.,
1992) and Climatic Research Unit (Mitchell and Jones, 2005)
datasets—showed that the annual average total precipitation
of both datasets possessed small linear increasing trends, but
that they were not statistically significant (Trenberth et al.,
2007). Other periods covered in AR4 (1951–2005 and 1979–
2005) show a mix of negative and positive trends, depend-
ing on the dataset. These small and/or lack of clear trends
in the annual total precipitation are consistent with the pre-
dicted small increase in global precipitation/evaporation with
global warming. Therefore, this study will focus on the in-
crease in the precipitation intensity and associated changes in
precipitation extremes, rather than the total precipitation.

Trenberth et al. (2003) summarized the global warming
hypothesis by explaining that the precipitation intensity of
storms should increase at about the same rate as atmospheric
moisture, which is about 7% K−1 according to the Clausius–
Clapeyron equation. They further argued that the increase in
heavy rainfall could even exceed 7% K−1 because additional
latent heat released from the increased water vapor could
invigorate the storms. An invigorated storm could remove
moisture at a rate of more than 7% K−1 from the atmosphere.
Meanwhile, as mentioned earlier, global evaporation would
increase by about 2%–3% K−1 only, leaving less moisture
for light and moderate precipitation. Moreover, the increase
of latent heat in the upper troposphere from storms can re-
duce the lapse rate. The lapse rate is also reduced as a result
of a robust water vapor–lapse rate climate feedback effect in
coupled ocean–atmosphere models (Held and Soden, 2006).
The reduced lapse rate makes the atmosphere more stable and
thus less likely to precipitate, especially for light and moder-
ate precipitation that requires an unstable large-scale envi-
ronment. The combined effect is to increase the precipitation
intensity by enhancing heavy precipitation while suppress-
ing light and moderate precipitation. These thermodynamic
arguments were broadly confirmed by an analysis of model-
simulated changes by Sun et al. (2007) and analyses of obser-
vational data by Liu et al. (2009) and Shiu et al. (2012), who
examined observed precipitation from the Global Precipita-
tion Climatology Project (GPCP) and reanalysis.

It has been long recognized that aerosols may have a sig-
nificant influence on clouds and precipitation by acting as
cloud condensation nuclei (Warner and Twomey, 1967; Al-
brecht, 1989; Ramanathan et al., 2001; Andreae et al., 2004;
Dai et al., 2008; Koren et al., 2008). The aerosol effect
on precipitation processes, considered part of the “Albrecht”
effect—the “second indirect” effect on cloud extent and life
time (Ackerman et al., 1978; Albrecht, 1989; Hansen et al.,
1997)—is complex and uncertain, especially for mixed-phase
convective clouds (Tao et al., 2012). There have been nu-
merous studies conducted on the effects of aerosol on total
precipitation over different periods (e.g. annual, seasonal),
producing mixed results. An excellent example is Warner
(1971), who concluded there was no change in 60 years of
precipitation due to aerosols emitted from sugarcane burn-
ing in northern Australia. In addition, a report by the U.S.
National Research Council (2003) concluded “there still is
no convincing scientific proof of the efficacy of international
weather modification efforts,” of which many are modifica-
tion efforts using aerosols.

A number of recent studies suggest that aerosols can in-
vigorate large convections by suppressing the onset of pre-
cipitation, pulling in more moisture, releasing more latent
heat, pushing moisture to higher altitude and forming more
ice clouds; while for small, low clouds the action stops at sup-
pressing the onset of precipitation and burning off the clouds
(Andreae et al., 2004; Lin et al., 2006; Jiang et al., 2008; Ko-
ren et al., 2008; Rosenfeld et al., 2008; Tao et al., 2012). The
net effect is to suppress light precipitation and enhance heavy
precipitation. Nevertheless, there remain large uncertainties
concerning the effect of aerosols on precipitation and its in-
tensity (Levin and Cotton, 2009; Yang et al., 2011a; Boucher
et al., 2013).

2. Approach and data

We first examine GPCP precipitation data (V1.0, 1979–
2007, 2.5◦ ×2.5◦, pentad) (Xie et al., 2003) over the oceanic
region between 10◦S and 10◦N and analyze the relationship
between changes in precipitation extremes and SST anoma-
lies. This region is remote to, and free from, the influence of
anthropogenic emissions. Significant changes in the precip-
itation intensity and associated extreme precipitation in this
oceanic region are expected to be more likely driven by global
warming, rather than the short-term aerosol effect. Results of
the 10◦S–10◦N oceanic region are then compared to those at
higher latitudes in the Northern Hemisphere (10◦–20◦N, and
the 20◦–45◦N land area) and eastern China, where there are
more aerosols to evaluate the cause of changes in the pre-
cipitation intensity and associated extreme precipitation. The
choice of the 20◦–45◦N land area is intended to overlap with
eastern China, to facilitate comparison.

Daily precipitation data observed at 101 out of a total 194
international exchange meteorological stations operated by
the China Meteorological Administration during the period
1955–2011 are also used in this study (http://cdc.cma.gov.cn/
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home.do). The 101 stations, which cover about 40% of total
area and represent important agricultural regions of China,
are chosen for their relatively high annual average precipita-
tion of over 500 mm and for their completeness of data (<5
missing days annually). Stations with precipitation of less
than 500 mm yr−1 (mostly in semi-arid northwestern China)
are excluded because their interannual variations are too large
to derive any statistically meaningful trends.

During the period 1955–2011, the consumption in China
of fossil fuel, and thus emissions of aerosols, increased by a
factor of about 15 (Streets et al., 2000; Lu et al., 2010; Na-
tional Bureau of Statistics of China, 2012). Satellite images
clearly show the extremely high values and large increasing
trends of aerosol optical depth over industrialized areas in
China. Given these large temporal and spatial ranges in the
concentration of aerosols, if aerosols can significantly affect
the precipitation intensity, one would expect to detect signifi-
cant differences among the trends of different regions, as well
as an urban–rural difference in the trend. Figure 1 shows the
distribution of the 101 stations. It can be seen that most of
the stations selected are located in eastern China, which is
influenced strongly by the East Asian Monsoon, with mois-
ture mainly from the western Pacific and, to a lesser degree,
Indian Ocean. The 101 stations are classified into 45 urban
and 56 rural stations according to their land-use data from
the Moderate Resolution Imaging Spectroradiometer (https://
lpdaac.usgs.gov/products/modis products table). This classi-
fication is substantiated by the temperature difference be-
tween urban and rural stations, which shows a clear urban
heat island effect (Yang et al., 2011b; Wang and Ge, 2012).

Surface air temperature is taken from GHCN-Monthly,

Fig. 1. Geographical distributions of the 101 surface interna-
tional exchange meteorological stations in eastern China with
average annual precipitation over 500 mm. Gray dots denote 45
urban stations, light green 56 rural stations.

version 3.2.1 (Peterson and Vose, 1997; Jones and Moberg,
2003). SST is taken from the Extended Reconstructed Sea
Surface Temperature dataset, v3b (Xue et al., 2003; Smith et
al., 2008).

3. Changes of precipitation intensity over the

equatorial oceanic area

Using the GPCP pentad data (1979–2007), we find sig-
nificant trends in the top 30% heavy precipitation and bottom
30% light precipitation in the equatorial oceanic region be-
tween 10◦S and 10◦N (Fig. 2a). The values shown are annual

Fig. 2. (a) Temporal variations of annual average amounts of precipitation (units: %) in two intensity bins for the
oceanic region between 10◦S and 10◦N from GPCP pentad data: bottom 30% light precipitation (green, left coordi-
nate) and top 30% heavy precipitation (red, right coordinate); and the SST anomaly between 10◦S and 10◦N (blue,
right offset coordinate). Dashed lines are linear regressions. (b) As in (a) but from ECMWF ERA-Interim reanalysis
data (1979–2007).
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average amounts of precipitation (units: %) falling within
the specified catalog for all oceanic grids between 10◦S and
10◦N. There are a total of 81 322 pentad data points in each
year in this oceanic zone, sufficiently large for subset statis-
tical analyses. Linear trends of the top 30% of heavy precip-
itation and the bottom 30% light precipitation are 3.2% (10
yr)−1 and −1.3% (10 yr)−1, respectively, both significant at
the 95% confidence level. In combination, these trends imply
a significant increase in the precipitation intensity. Also plot-
ted in Fig. 2a is the SST in this region. There is an obvious
anti-correlation between the bottom 30% light precipitation
and SST, with a correlation coefficient of R = −0.74. These
correlations and trends are in good agreement with the global
warming hypothesis summarized by Trenberth et al. (2003).
Since there are negligible anthropogenic emissions in this re-
gion, it is reasonable to propose that the increase in SST is the
primary cause of the increase in heavy precipitation and the
decrease in light precipitation, and their combined increase in
precipitation intensity in the equatorial ocean region.

Another piece of evidence in support of the increase in
SST being the primary cause of the increase in heavy pre-
cipitation and the decrease in light precipitation in the equa-
torial ocean region is shown in Fig. 2b, in which the bot-
tom 30% light precipitation and top 30% heavy precipitation
from European Centre for Medium-Range Weather Forecasts
Interim Reanalysis (ERA-Interim) data are plotted together
with the SST in the equatorial oceanic region between 10◦S
and 10◦N. Precipitation reanalysis products from operational
weather forecast models that do not use observed precipita-
tion instead calculate precipitation from observed moisture
and winds, thus providing independent information as com-
pared to the GPCP data. The general patterns in Fig. 2b
are practically the same as those in Fig. 2a, e.g. good anti-
correlation between the top 30% and bottom 30% precipi-
tation (R = −0.86) and good correlation between SST and
the top 30% precipitation (R = 0.71). The weather forecast
model used in the reanalysis included the thermodynamic
processes described in Trenberth et al. (2003), but did not
include the aerosol effects. For instance, observed vertical
water vapor column abundance in the reanalysis model in-
creased by 7% K−1, consistent with the prediction of the
Clausius–Clapeyron equation (Trenberth et al., 2003), and the
reanalysis model included the increased latent heat and sub-
sequent invigoration of the storm due to the increase in water
vapor. On the other hand, since it is very unlikely that an-
thropogenic aerosols could significantly affect the moisture
and winds over the remote equatorial oceanic region, we pro-
pose that the large increase in the top 30% heavy precipita-
tion and the significant anti-correlation between the top 30%
heavy precipitation and the bottom 30% light precipitation
obtained by the ERA-Interim reanalysis model are very likely
driven primarily by the thermodynamic processes rather than
the short-term anthropogenic aerosol effects. Thus, we can
conclude that, at least on a yearly basis, the increase in SST
(which is part of global warming) rather than anthropogenic
aerosols is likely the primary driving force for the increase
in precipitation intensity observed over the equatorial oceans

shown in the GPCP data during 1979–2007.

4. Changes of precipitation intensity at higher

latitudes

In Fig. 3 the changes in precipitation intensity in the equa-
torial oceanic region over 10◦S–10◦N are compared to those
of higher latitudes in the Northern Hemisphere; specifically,
the 10◦–20◦N zone and land areas in the 20◦–45◦N zone.
Values in Fig. 3 are evaluated using an interannual difference
method developed by Liu et al. (2009). The interannual dif-
ference method is an effective tool to study the relationship
between two parameters that both change with time. In this
case, the two parameters are precipitation and surface temper-
ature. Briefly, for the case of the 10◦S–10◦N oceanic region,
all precipitation data in the entire period of 1979–2007 are
gathered together and sorted into 10 bins of equal precipita-
tion amount in increasing precipitation intensity. Ranges of
the 10 bins are determined by this sorting and fixed through-
out the analysis. The precipitation amount within each bin for
a given year is sorted in the same way with the fixed ranges.
The ΔP of each bin in Fig. 3 is the difference in the precip-
itation amount for each bin between any two years within
1979–2007, including pairs not adjacent to each other, such
as 1999 and 2007, and the ΔT is the corresponding difference
in the observed surface air temperature of 30◦S–30◦N. The

Fig. 3. Changes in the annual precipitation amount falling
within each of the ten intensity bins (ΔP) for a 1◦ increase in
annual average temperature in the 30◦S–30◦N zone (ΔT ). Blue
bars denote ΔP/ΔT values derived from data of all 101 stations
in eastern China in 1979–2007. Yellow, green and red bars are
ΔP/ΔT values derived for the 10◦S–10◦N oceanic area, 10◦–
20◦N zone and 20◦–45◦N land area from GPCP pentad data
(1979–2007), respectively. The vertical line on top of each bar
denotes the standard error of the mean.
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values (ΔP/ΔT ) shown in Fig. 3 are the slopes between ΔP
and ΔT , which represent the change in the annual precipita-
tion amount falling within each of the ten intensity bins (ΔP),
for one degree Kelvin increase in annual average temperature
of 30◦S–30◦N (ΔT ).

We have compared results obtained by the interannual
difference method to those of a direct scatter plot between the
precipitation and temperature, and to those calculated from
individual linear trends of the precipitation and temperature.
Agreement within standard errors of the mean (SEM) of the
three methods is found for all cases shown in Fig. 3, and the
interannual difference method renders the lowest value for
SEM.

The temperature of 30◦S–30◦N is used for all four regions
in Fig. 3 for ease of comparison. According to the thermo-
dynamic hypothesis, the temperature used in the data analy-
ses should be the atmospheric temperature of the region from
which the bulk of water vapor of the precipitation originates.
For instance, in the case of the equatorial oceanic region in
10◦S–10◦N, the temperature should be the air temperature
over the equatorial oceanic region. Nevertheless, since we
are dealing with large spatial and temporal (yearly) average
values, the atmospheric temperature of the region tends to
change proportionally with the corresponding SST and even
the global surface temperature with a nearly unit ratio. For
example, the ratio of temperature anomalies (ΔT ) between
the 30◦S–30◦N zone and the near-global zone (60◦S–60◦N)
is 0.82, and 0.93 between the 10◦S–10◦N oceanic region and
the near-global zone. Thus, for convenience, temperature
of the 30◦S–30◦N zone can be used as the proxy. This is
also consistent with the fact that the 30◦S–30◦N zone is the
primary source of moisture for all regions discussed in this
study. For further discussion on the use of near-global tem-
perature rather than local or regional temperature, readers are
referred to the work by Liu et al. (2009), which shows that,
even for a small island like Taiwan, a near-global temperature
gives better results than the local temperature.

The changes in precipitation intensity in all three latitude
zones show a highly consistent general pattern, including a
relatively large increase for the top 10% heavy precipitation,
a rapid approach to zero near the fifth bin, and small de-
creases for light precipitation bins below the fifth bin. The
consistency is remarkable, especially considering the fact that
the 20◦–45◦N land area contains a large amount of gauge
data from observations at meteorological stations while the
10◦S–10◦N oceanic region contains predominately satellite
data, confirming the previous finding that the GPCP satellite
data are consistent with observations of meteorological sta-
tions (Lau and Wu, 2007).

Changes in the industrialized 20◦–45◦N land area are
generally more moderate compared to the clean equatorial
oceans. This is expected according to the thermodynamic
hypothesis because there is less extremely heavy precipita-
tion at higher latitudes relative to the equatorial oceanic areas
(Trenberth et al., 2003; Liu et al., 2009), but the opposite
would have been expected if the aerosol effect is correct as
there are more anthropogenic aerosols at higher latitudes in

the Northern Hemisphere.
The large increase of about 186% K−1 in the top 10%

heavy precipitation in the 10◦S–10◦N oceanic region can
have severe environmental impacts. Since the temperature
of the 30◦S–30◦N zone has increased by about 0.68 in the
last century, it scales to an increase of about 126% in the
top 10% heavy precipitation of the 10◦S–10◦N oceanic re-
gion in that period. This can have a profound impact on the
ecosystem of coastal areas in the equatorial region. Similar
concerns should be raised for the 10◦–20◦N zone where trop-
ical cyclones contribute to a major part of the top 10% heavy
precipitation.

The consistency among the changes in precipitation in-
tensity of all three latitude zones suggests that a common
mechanism, i.e. global warming, is the primary cause of the
changes in precipitation intensity. The increase of the top
10% precipitation being greater at lower latitude is consistent
with previous findings (Liu et al., 2009; Shiu et al., 2012),
and with global warming theory because there are stronger
convective storms at lower latitudes than higher latitudes. On
the other hand, one would expect a greater increase in precip-
itation intensity at higher latitudes if the effects of aerosols
are the cause because there are more anthropogenic aerosols
at higher latitudes than lower latitudes in the Northern Hemi-
sphere. Therefore, it is reasonable to propose that the changes
in precipitation intensity in all three latitude zones (1979–
2007) are likely caused primarily by global warming rather
than aerosol effects.

In regard to the total precipitation, by adding up the val-
ues of individual bins in Fig. 3, we find interesting significant
trends of 28.6% K−1, 2.3% K−1 and 1.7% K−1 for the equa-
torial 10◦S–10◦N oceanic region, 10◦–20◦N zone and 20◦–
45◦N land zone, respectively. The relatively large increasing
trend of the equatorial latitude zone is obviously related to
the convergent ascending/wet zone of the Hadley cell, and the
large trend appears to be a result of the wet-get-wetter mech-
anism (Mitchell et al., 1987; Held and Soden, 2006; Chou et
al., 2013). Nevertheless, essentially all the increasing trends
in the three latitude zones can be attributed to the increase in
the top 30% heavy precipitation (i.e. heavy-get-heavier rather
than wet-get-wetter), and the bottom 70% light and moderate
precipitation bins show small and compensating changes. In
other words, the increase in total precipitation in the equato-
rial region is the result of an enhancement in the heavy pre-
cipitation, which in turn is driven by global warming.

5. Changes of precipitation intensity in east-

ern China

Also plotted in Fig. 3 are changes in precipitation inten-
sity derived from meteorological stations in eastern China.
Given the substantial differences in geohydrological environ-
ments between eastern China and the 20◦–45◦N land area, as
well as the coarse spatial and temporal resolution of GPCP
data, the good agreement between the changes in precipita-
tion intensities in the two areas is reassuring, particularly for
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the top 10% heavy precipitation and the general pattern of in-
creases in heavy precipitation and decreases in light precipi-
tation. The agreement suggests that the change in precipita-
tion intensity in eastern China is also likely caused primarily
by global warming. Additional support for this notion can be
seen in Figs. 4a–c, which depict annual average values of the
total precipitation, bottom 10% light precipitation, and top
10% heavy precipitation, respectively, for the urban stations
and the rural stations. As expected, the annual average total
precipitation values show no significant trend (Fig. 4a). For
the bottom 10% light precipitation, both the urban and ru-
ral values show significant decreasing trends and their linear
rates of decrease are statistically identical (Fig. 4b). Fur-

thermore, the interannual variations are nearly identical be-
tween urban and rural stations, suggesting a common cause
for these variations and trends rather than the difference in
concentrations of aerosols between urban and rural stations.
The changes in the top 10% heavy precipitation (Fig. 4c) also
support this argument.

One could take exception to the above argument by claim-
ing that rural stations in China are also highly polluted due to
efficient dispersion and transport of air pollutants. To address
this problem, we examine the precipitation data of Taiwan.
During the summer, stations located in eastern Taiwan and
small offshore islands tend to have clean background oceanic
air with average PM10 concentrations of around 20 μg m−3

Fig. 4. Temporal variations of annual average amounts of precipitation (mm) with linear regression: (a) total precipita-
tion; (b) bottom 10% light precipitation; (c) top 10% heavy precipitation. Red solid lines denote average values of 45
urban stations and green solid lines of 56 rural stations; red and green dashed lines are linear regressions for urban and
rural stations, respectively. One standard deviation is denoted by σ (mm).
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(mostly sea salt aerosols) (http://taqm.epa.gov.tw/taqm/tw) as
the prevailing wind is southwesterly. In contrast, stations lo-
cated in western Taiwan are polluted with average PM10 con-
centrations of around 40 μg m−3. In Fig. 5, we compare the
temporal variations of 5-yr running average summer precipi-
tation in polluted western Taiwan to that of clean eastern Tai-
wan and small offshore islands for the bottom 10% light pre-
cipitation and top 10% heavy precipitation. For the bottom
10% light precipitation, both the polluted region and clean
region show significant decreasing trends (Fig. 5a). Simi-
larly, both the polluted region and clean region show large in-
creasing trends in the top 10% heavy precipitation (Fig. 5b).
These results clearly imply that anthropogenic aerosols are
not a major cause of the trends in light and heavy precipi-
tation, while the thermodynamic theory offers a reasonable
explanation for the trends.

We recognize that there may be a problem of the compen-
sation effect with long temporal and large spatial averaging.
For instance, the increase of heavy precipitation could occur
in southern China in summer, but the decrease of light precip-
itation could occur in northern China in winter. We checked
for this problem by performing three tests: first, by dividing
eastern China into four sub-regions according to latitude from
south to north; second, by examining individual stations in
China and individual grids of GPCP data; and third, by exam-
ining monthly and seasonal precipitation for China and GPCP
data. For low latitudes in GPCP data (30◦S–30◦N), analysis
of monthly data renders results consistent with yearly data.
Furthermore, the interannual difference method applied to
individual grids of GPCP data in the low latitudes produces

statistically significant and consistent trends for the majority
of bins of precipitation intensity. For China, all four sub-
regions show decreases in the bottom 10% light precipita-
tion, but the northernmost sub-region is not statistically sig-
nificant. All four sub-regions show increases of the top 10%
heavy precipitation, but none statistically significant. The
statistics become worse for individual stations. Neverthe-
less, most of the stations show decreases of light precipita-
tion, but the increases in heavy precipitation are more spo-
radic. Seasonal results also suffer from the problem of poor
statistics. The results indicate that compensation is neither a
common nor a serious problem, but rather that the sporadic
nature of precipitation makes it difficult to derive significant
signals when data from a very limited number of stations are
used.

In conclusion, the increase in precipitation intensity with
global warming is a widespread phenomenon of global scale,
albeit with regional differences in magnitude and other char-
acteristics. The increase in precipitation intensity derived
from observations at the 101 stations in eastern China is con-
sistent with global warming theory, not with the effects of
anthropogenic aerosols.

Having drawn this conclusion, we acknowledge that,
on a long-term basis, anthropogenic aerosols reduce global
warming through their direct and indirect radiative effects
(Solomon et al., 2007), and in turn affect the precipitation
intensity. But this effect is to reduce precipitation intensity,
opposite to the observed changes. We also note that our anal-
ysis is performed for annual time scales, the results of which
may not be applicable to findings of episodic precipitation

Fig. 5. Temporal variations of 5-yr running average amounts of summer precipitation (mm) with linear regression: (a)
bottom 10% light precipitation; (b) top 10% heavy precipitation. Red solid lines denote average values of polluted
stations located in western Taiwan and green solid lines of clean stations located in eastern Taiwan and offshore islands,
respectively; red and green dashed lines are linear regressions for polluted and clean stations, respectively. One standard
deviation is denoted by σ (mm).
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studies. Finally, our result does not rule out anthropogenic
aerosols as a secondary contributor to the observed increase
in precipitation intensity.

6. Implications of increasing precipitation in-

tensity

The implication of the causal relationship between global
warming and the increase in precipitation intensity in
widespread areas is profound. Increases in precipitation in-
tensity and associated changes in the precipitation extremes
can have severe impacts on the hydrological cycle and thus
the entire ecosystem. It is clear that an increase in heavy
precipitation increases the meteorological risk of floods and
landslides. Light and moderate precipitation is a critical
source of soil moisture as well as ground water. Decreases
of light and moderate precipitation may increase the mete-
orological risk of droughts, particularly when coupled with
increases in annual total dry days and consecutive dry days.

Figure 6 shows time series of observed annual total dry
days, the occurrence of �10 consecutive dry days, days of
the top 1% heavy precipitation, days of the top 10% heavy
precipitation, and days of the bottom 10% light precipitation,
for all 101 stations during the period 1955–2011. In addi-
tion, the annual occurrence of Palmer Drought Severity Index
(PDSI) � −3 in eastern China, which is an indicator for se-
vere drought, is also plotted. All linear regressions passed
the t-test at the p-value of 0.05. Remarkably, the annual
days of the top 1% and 10% heavy precipitation increased
by about 77% and 21% during the 57-year period, respec-
tively. A more alarming increase was the annual total dry
days, by about 28 days (13%) during this period, nearly a
whole month. Moreover, the occurrence of �10 consecutive
dry days increased even more in terms of percentage change
(36%) than the total dry days. These increases in dry days
and consecutive dry days significantly increase the meteoro-
logical risk of droughts. This is substantiated by the sharp
increase (about 20 times) in the annual occurrence of PDSI
� −3 in eastern China during this period. This sharp in-
crease in the annual occurrence of PDSI � −3 is in good
agreement with a previous study of this region (Dai et al.,
2004). While these results have been seen in part in a num-
ber of previous studies (Ho et al., 2005; Liu et al., 2005; Zhai
et al., 2005; Qian et al., 2007), the causal relationship be-
tween global warming and the increase in precipitation in-
tensity established here implies that the substantial increased
meteorological risk of floods and landslides in eastern China
during the period 1955–2011 is was likely primarily due to
global warming. Using the interannual difference method,
we derive, for one degree Kelvin increase in the 30◦S–30◦N
temperature, an increase of 29.7%± 15% in the annual oc-
currence of �10 consecutive dry days, and a severe increase
of 221.6%±68.7% in the annual occurrence of PDSI � −3.

There is good correlation/anti-correlation (R2 > 0.55)
among the changes of annual days of the bottom 10%
light precipitation, total dry days, the occurrence of �10

Fig. 6. Temporal variations of the annual average values of var-
ious precipitation parameters in eastern China. Solid lines de-
note annual average values; dashed lines are linear regressions.
(a) Dry (no precipitation) days (blue, right coordinate), days of
the bottom 10% light precipitation (red, left coordinate), and
the 30◦S–30◦N temperature anomaly (black, right offset co-
ordinate); (b) occurrence of 10 or more consecutive dry days
(black, left coordinate) and number of grids with PDSI � −3
(blue, right coordinate); (c) days of the top 1% heavy precipi-
tation (purple, right coordinate) and days of the top 10% heavy
precipitation (green, left coordinate).

consecutive dry days, and the occurrence of PDSI �−3, hint-
ing a causal relationship among them. In particular, there is
a remarkably high anti-correlation coefficient of −0.97 be-
tween the dry days and bottom 10% light precipitation days.
Moreover, the increase in dry days is about 90% compensated
by the decrease in annual days of the bottom 10% light pre-
cipitation. The remainder is compensated by changes of the
bottom 10%–40% light and moderate precipitation. These re-
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sults can be logically understood as the category of dry days
is theoretically the lightest category in the precipitation inten-
sity spectrum, while the bottom 10% light precipitation is the
second lightest category. Consequently, a shift in light pre-
cipitation toward heavy precipitation leaves more dry days.

As discussed at the beginning of the paper, significant in-
creases of heavy precipitation and decreases of light precip-
itation have been reported over widespread areas within the
60◦S–60◦N latitudinal zone (Lau and Wu, 2007; Liu et al.,
2009; Shiu et al., 2012; Lau et al., 2013). It follows that the
substantial increases in the meteorological risk of droughts
and floods due to global warming in eastern China in 1955–
2011 found here are expected to occur in widespread areas
within 60◦S–60◦N. Moreover, since increases of precipita-
tion intensity with global warming are greater at lower lati-
tudes (Liu et al., 2009), increases in the meteorological risk
of droughts and floods are expected to be greater at lower
latitudes.

7. Summary

We have presented observational evidence, theoretical ar-
guments, and results from reanalysis (Shiu et al., 2012) and
climate models (Sun et al., 2007) that support, in eastern
China during the period 1955–2011, a causal link starting
from global warming to an increase in precipitation intensity,
to changes in precipitation extremes, and to greater meteoro-
logical risk of floods and droughts. Quantitatively, we find a
severe increase of about 77% in annual days of the top 1%
heavy precipitation, a decrease of about 20% in the annual
amount of the bottom 10% light precipitation, an increase of
36% in the annual occurrence of �10 consecutive dry days,
and an astonishing approximate 20-fold increase in the an-
nual occurrence of PDSI � −3 in eastern China during the
period 1955–2011. Furthermore, these changes are expected
to increase with greater future climate warming. More impor-
tantly, these changes are not limited to eastern China; similar
changes have been observed in widespread regions, as cited
in the introduction. Significant increases in the meteorologi-
cal risk of droughts and floods are also expected to occur in
these regions, and more severely at low latitudes (Liu et al.,
2009), as a result of global warming. Adaptive actions such
as flood and drought prevention, water resource management
and land-use adjustment are imperative.
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