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This study focuses on changing trends in precipitation across mainland China during the period
1957-2014. We explore the influence of the El Nifio—Southern Oscillation (ENSO), the Pacific
Decadal Oscillation (PDO), and related large-scale atmospheric circulation variables on the changes in
precipitation. The number of wet days showed statistically significant downward trends in North
China, Jianghuai, South China, and Southwest of China, but upward trends on the Tibetan Plateau
and in Northwest China. However, the number of very wet days increased in Jianghuai, South China
and regions in Southwest China, and there was an increase in the spatial variability of a number of
rainfall extremes over China. Because the changes in the frequency of wet days and very wet days were
non-uniform, an increasing percentage of the total annual precipitation was derived from extreme
events over large regions of mainland China. The ENSO and the PDO had a zonal influence on
precipitation variability through the modulation of large-scale atmospheric circulation. Both the
number of wet days and the frequency of extreme precipitation increased in southern Jianghuai and
South China in EI Nifo years compared with La Nifa years. A decrease (increase) in the number of wet
days was observed in northern China (southeastern China) during positive PDO-phase years, which
was likely a response to the large decrease in Southerly winds.

1. Introduction

Under global warming, the hydrological cycle is likely
to intensify, resulting in changes in the characteristics
of precipitation. A number of studies have investigated
the spatiotemporal changes in precipitation (Ma et al
2015, Sun et al 2018). Recently, studies have suggested
a complex and spatially heterogeneous pattern of
precipitation changes (Ghosh et al 2011, Donat et al
2013, Rajah et al 2014). Due to the complex terrain, the
climate over China varies greatly in both space and
time (Xu et al 2015, Miao et al 2016b). Previous studies
revealed that the frequency of light and moderate
precipitation events decreased across China as a whole
over the period 1960-2013, whereas there were
upward trends in the frequency of very heavy events

(Ma et al 2015). Southeastern and northeastern China
experienced a wetting tendency owing to an increase
in precipitation intensity, whereas southwestern
China showed a significant drying tendency (Xiao et al
2017). Over southwest China, the changes in precipita-
tion extremes displayed spatial heterogeneity with the
decreasing spatial variability of precipitation extremes
during the 1959-2012 period (Liu et al 2015). Pre-
existing research mainly looked into trends in mean
precipitation and precipitation extremes, or on overall
changes in different categories of precipitation. Few
studies have quantitatively assessed the spatial varia-
bility of different categories of precipitation across
China. Such studies, together with investigations into

the underlying mechanisms, are essential and
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Figure 1. The locations of the eight regional divisions in China. The inset in the lower right corner indicates the South China Sea

meaningful for disaster and water management
(Ghosh etal 2011, Liuetal 2015, Miao et al 2016a).

The variability of precipitation over China is
believed to be related to a number of factors, including
the El Nifo-Southern Oscillation (ENSO) and the
Pacific Decadal Oscillation (PDO). The ENSO and the
PDO are climate signals from the oceans and can trig-
ger pronounced changes in climate across the world
(Zhang et al 2013, Sun et al 2016). The variability in
precipitation extremes observed in central China can
be attributed to the influence of the ENSO: a decrease
in precipitation extremes occurs in positive ENSO
years (Xiao et al 2017). Ouyang et al (2014) reported an
overall decrease in precipitation during El Nifilo/PDO
warm-phase periods and an increase in precipitation
during La Nifia/PDO cool-phase periods across most
of China. The ENSO has been shown to have an extre-
mely strong and robust influence on seasonal rainfall
in East Asia, which has been mainly ascribed to the
interactions between the ENSO and the East Asian
summer and winter monsoon (Zhou and Wu 2010,
Karorietal 2013, Ying et al 2014). Overall, it is believed
that the ENSO and PDO signals may be the source of
changes in the spatial and temporal distribution of
precipitation. The objectives of this study are therefore
to: (1) investigate changes in the spatial heterogeneity
and temporal distribution of precipitation over the
past five decades in China; and (2) examine the
mechanisms (ENSO, PDO, large-scale atmospheric
circulation, etc) underlying these changes.

2.Data and methods

2.1.Data

In this study, we obtained the observed daily precipita-
tion data for the period 1957-2014 from the National
Meteorological Information Center of the China
Meteorological Administration. This dataset is con-
structed from over 2400 station observations across
China at a resolution of 0.5° x 0.5° (Shen et al 2010).
Monthly PDO and ENSO indices were taken from the
Global Climate Observing System Working Group on
Surface Pressure (http://esrl.noaa.gov/psd/gcos_
wgsp/Timeseries). Rainfall variability may be strongly
associated with different stages of the ENSO cycle. We

investigated the influence of the ENSO index from the
preceding winter, calculated from the December—
January—February Nifio 3.4. The wind fields, geopo-
tential-height fields, specific humidity, and surface
pressure were obtained from the first National Centers
for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis
(hereafter, NCEP1) (Kalnay et al 1996). The NCEP1
global reanalysis provides data at a horizontal resolu-
tion of 2.5° x 2.5° at different pressure levels. To
investigate atmospheric water-vapor transport, we
calculated the vertically integrated water-vapor flux
from the surface to 300 hPa pressure and the corresp-
onding water-vapor flux divergence during the sum-
mer from the data for wind fields, specific humidity,
and surface pressure.

2.2. Analysis methods

Three precipitation indices—the number of wet days,
the number of very wet days, and the fraction of
precipitation due to very wet days (R95pTOT)—were
applied to investigate variations in precipitation. Wet
days are defined as days with more than 0.1 mm
precipitation. Very wet days are defined as days with
more precipitation than the 95th percentile of wet-day
precipitation, as measured over the period 1961-1990.
R95pTOT indicates the percentage of total precipita-
tion that occurs on very wet days (Karl et al 1999).

The nonparametric Mann—Kendall test was used
to test the statistical significance of the trends in pre-
cipitation indices at each grid point (Mann 1945), and
the trend magnitudes were estimated with Sen’s slope
estimator (Sen 1968). A 5% significance level was used
in all significance tests. China was divided into eight
subregions (figure 1), and the changes in the region
mean and spatial variance in the eight subregions and
mainland China were estimated. The division into
subregions followed that of Shi and Xu (2007), and
takes into consideration both the administrative divi-
sions and the characteristics of the Chinese monsoon
climate.

To assess the role of climate variability (i.e. the
effects of the ENSO and the PDO), we linearly detren-
ded the time series within the study period to mini-
mize the effect of any long-term trends or cycles. This
is a common method that has been used in previous
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studies (Douville 2006, Sutton and Dong 2012, King
et al 2016). We then calculated the correlation coeffi-
cients between the time series for precipitation and the
time series for the ENSO and PDO indices. We also
used a composite analysis method, similar to that used
by Zhang et al (2010), to provide a direct view of the
possible influence of modes of large-scale variability
on the spatial and temporal variations in precipitation.
From the period 1957-2014, we first selected the years
with the five highest and five lowest values on the
ENSO and PDO indices. We computed the 5 year
averages for the precipitation indices (Ppigh and pioyw)
for the high- and low-index years. We then calculated
the difference in those averages (Ppigh—piow) to indicate
the influence of ENSO and PDO signals and used two-
sided Student’s ¢ tests to determine whether the com-
posite differences were statistically significant. We
looked into the possible influence of modes of large-
scale variability on the spatial and temporal variations
in precipitation extremes; the related wind fields,
water vapor transmission, and geopotential height
fields are examined to explain the mechanisms under-
lying the influence of the ENSO and the PDO.

3. Results

3.1. Spatial patterns and trends in precipitation
indices

Figure 2 shows the spatial distributions of the mean
and the mean annual changes for three precipitation
indices (number of wet days, R95pTOT, and the
number of very wet days) across China. The number of
wet days and very wet days decreased gradually from
southeastern to northwestern China. The trends in the
number of wet days were spatially non-uniform
(figure 2(b)); statistically significant downward trends
were found in the large regions of eastern China. In
contrast, large areas of western China and some of the
northeastern regions showed statistically significant
upward trends. The annual changes ranged from —0.4
to 0.4dyr ', with the strongest downward trends
located in Southwest China (region 4) and the
strongest upward trends located in the southern region
of the Tibetan Plateau (region 7). The number of very
wet days increased in Northwest China (region 6 and
region 8), Tibetan Plateau (region 7), Jianghuai (region
3) and South China (region 4) (figure 2(f)), with
extreme precipitation events contributing a greater
fraction of the total precipitation (figure 2(d)). In
Jianghuai, South China and some regions over North-
west Chia (region 6 and region 8), statistically sig-
nificant upward trends were found for both R95pTOT
and very wet days. However, the opposite trends were
observed for R95pTOT in Northeast China (region 1).
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3.2. Regional mean and spatial changes in the
precipitation indices

In addition to the non-uniform spatial changes in
precipitation over China, the regional mean and
spatial variance of precipitation show changes over
time. Extremes in climate can easily trigger tremen-
dous damage to both social and natural systems, hence
our focus is on the regional mean and spatial variance
of the number of wet days and very wet days, and
R95pTOT. The final column of figures 3(a) and (b)
show that the regional means of R95pTOT and the
number of wet days across China increased over the
period 1957-2014, whereas the spatial variance
decreased over the same period. However, the regional
mean and spatial variance of the number of very wet
days showed a statistically significant upward ten-
dency. At the regional scale, Jianghuai (region 3),
South China (region 4), and Southwest China (region
5) experienced an increase in the number of extreme
events over this period, with upward trends in the
number of very wet days but downward trends in the
number of wet days; this pattern contributed to the
increase in R95pTOT. In the Tibetan Plateau (region
7) and the west of Northwest China (region 8), there
was a clear upward trend in both the number of wet
days and the number of very wet days. The spatial
variance of very wet days increased in most regions
except North China (region 8) (figure 3(b)), indicating
that the increase in extreme events mainly occurred in
the grids with a higher risk of extreme precipitation.

3.3. The influence of the ENSO and the PDO

Figure 4 shows the correlation coefficients between the
precipitation indices and the ENSO/PDO at annual
and decadal scales. At the annual time scale, the
regional mean of R95pTOT and the number of very
wet days across China were positively correlated with
the ENSO, and the spatial variance of the number of
very wet days was also positively correlated with the
ENSO. The influence of the ENSO on R95pTOT was
mainly concentrated in Jianghuai (region 3), South-
west China (region 5), and the west of Northwest
China (region 8). Overall, the ENSO mainly modu-
lated the inter-annual variation of extreme events, and
statistically significant correlation coefficients with the
number of very wet days were found in most regions
(figure 4(a)). However, the inter-decadal variations
were controlled by the PDO, which showed clear
correlations at decadal time scales. There was a positive
correlation between the PDO and the regional mean
and spatial variance of the number of very wet days
across China, but a negative correlation with the
spatial variance of R95pTOT (figures 4(g) and (h)).
Moreover, the effects of the PDO were zonal; the
precipitation mean and extremes exhibited spatially
opposite patterns during different PDO phases
because of the modulation of different atmospheric
circulation systems. During the positive PDO phase, a
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Figure 2. Spatial patterns of the climatology (a), (c), and (e) and trends (b), (d), and (f) in the annual number of wet days, R95pTOT,
and the number of very wet days across China for the period 1957-2014. Stippling indicates locations where the degree of change was
statistically significant at the 95% confidence level.
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Figure 3. The trends in the regional mean (a) and spatial variance (b) for different precipitation indices and different regions. The
annual time series were normalized and then used to calculate the trends. Diagonal lines indicate regions where the degree of change
was statistically significant at the 95% confidence level.

weakened and southward western Pacific subtropical ~consequent pattern of ‘southern flood/northern
high and significant northerly anomaly caused a drought’ (Fu et al 2009, Ouyang et al 2014). The
weakening of the East Asia summer monsoon, and a  significant negative correlation with PDO in North
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Figure 4. Correlation coefficients for the relationships between the detrended annual time series and decadal time series for the ENSO,
PDO, and the regional mean and spatial variance of the precipitation indices among different regions. Diagonal lines indicate regions
with correlation coefficients that were statistically significant at the 95% confidence level.

China (region 2) and significant positive correlation
with PDO in the Jianghuai region (region 3) was
consistent with this pattern (figure 4(g)). During the
negative PDO phase, the thermal contrast between
Northeast China (region 1) and the oceans is reduced
because of warming sea surface temperature in the
North Pacific (Han et al 2015). Consequent weakening
of the northeast Asian summer monsoon may cause a
reduction in the water-vapor flux and thus affect
precipitation over Northeast China (region 1,
figure 4(g)).

We applied a composite analysis method to assess
the influence of the ENSO and the PDO on changes in
precipitation characteristics. Figure 5 shows the com-
posite differences between the average of the five
strongest E1 Nifo and La Nifia years, based on Nifo
3.4 values. Compared with La Nina years, the fre-
quency of wet days and very wet days in E1 Nifio years
tended to be greater over large areas of southeastern
and northeastern China. The results indicate that
there was a greater probability of extreme precipita-
tion events occurring in E1 Nifo years than La Nina
years in these regions. Over the southern part of North
China and the northern part of Jianghuai, the fre-
quency of wet days in E1 Nifo years was relatively
lower. R95pTOT was greater in E1 Nifio years than La
Nifa years in some grids scatted in Jianghuai and the

west of Northwest China, with difference values
(Phigh—plow) of up to 5%.

The frequency of wet days during positive PDO
years increased in large parts of southeastern China
and some grid locations in northeastern China and the
west of Northwest China (figure 5(b)), although most
of these changes were not statistically significant. The
number of wet days showed decreases during the posi-
tive PDO phase across North China. For most grid
locations in Southwest China, the middle and upper
Yangtze River basin, and Northeast China, the values
for the number of very wet days tended to be lower
during the negative PDO phase than during the posi-
tive PDO phase (figure 5(f)).

3.4. Effects of large-scale atmospheric circulation

Figures 6(a) and (b) show the integrated atmospheric
water-vapor flux and the mean atmospheric water-
vapor flux divergence during the summer for the
strongest five E1 Nifio and La Nifia years. The increase
in wet days and very wet days over southeastern China
during the E1 Nifo phase might be a response to the
increase in atmospheric water-vapor flux and decrease
in water-vapor divergence there during the summer.
Similarly, a decrease in water-vapor flux and an
increase in water-vapor divergence may contribute to
the decrease in the frequency of wet days in northern
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Figure 5. Composite analysis of the number of wet days, R95pTOT, and the number of very wet days averaged over different ENSO
and PDO phases (Phigh—plow)- () (¢), and () show the differences between the indices during the five strongest E1 Nifo years (with the
highest Nifio 3.4 values) and the five strongest La Nifia years (with the lowest Nifo 3.4 values); (b), (d), and (f) show the differences
between the indices during the positive PDO phase (with the highest PDO index values) and negative phase (with the lowest PDO
index values). Stippling indicates locations where the difference was statistically significant at the 95% confidence level.
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Figure 6. The summer vertically integrated water-vapor flux and water-vapor flux divergence for the lowest layer (from the surface to
300 hPa) during the strongest five (a) La Nifa years, (b) E1 Nifio years, (d) negative PDO-phase years, and (e) positive PDO-phase
years. Colored shading indicates the vertically integrated water-vapor flux, and stippling indicates water-vapor divergences above
zero. Also shown are the differences in water-vapor flux and divergence between (c) E1 Nifio years and La Nifia years, and (f) positive
PDO-phase years and negative PDO-phase years. The colored shading in (c) and (f) indicates the differences in the vertically integrated
water-vapor flux between different ENSO and PDO phases; the stippling in (c) and (f) indicates that the water-vapor flux divergence in
EINifio years (or positive PDO-phase years) was larger than in La Nifa years (or negative PDO-phase years).
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Figure 7. Changes in the average wind speed (arrows) and geopotential height (shading, unit: gpdam) at 850 and 500 hPa between the
five strongest El Nifio years and the five strongest La Nifia years, and between the positive and negative PDO-phase years. (), (c) The
average wind speed and geopotential height of five strongest El Nifio years minus that of the five strongest La Nifia years; (b), (d) The
average wind speed and geopotential height of five positive PDO-phase years minus that of five negative PDO-phase years. The length

China. Over southeastern China, the water-vapor flux
was lower during the positive PDO phase than during
the negative PDO phase (figure 6(f)) but the number of
very wet days increased, which may be related to the
decrease in water-vapor divergence. A decrease in
water-vapor divergence is conducive to the conv-
ergence of water vapor.

Figure 7 shows a northerly wind anomaly in E1
Nifio years over southeastern China. The concurrence
of weaker winds and high water-vapor flux could
result in the persistence and accumulation of water
content and hence an increase in the number of wet
days and extreme events in this region. An examina-
tion of the 500 hPa geopotential height distribution
suggests that the subtropical high tended to be weaker
and more southward in E1 Nifo years (figure 7(c)).
The weakening of winds in the south and the south-
ward movement of the subtropical high could simul-
taneously restrict the northward water vapor and
result in the reduction in the number of wet days in
northern China. During the positive PDO phase, a
cyclonic circulation anomaly occurred in north-
western China (figure 7(b)), and a northerly wind
anomaly appeared in eastern China, which resulted in
the convergence of cold air from the north with warm
air from the south. Consequently, one might expect an
increase in the number of wet days in southern China
during the positive PDO phase, as shown in
figure 4(b). In northeastern China, an easterly wind

anomaly was observed during the positive PDO phase,
which could result in warmer and wetter air being
transported there from the sea.

4. Discussion and conclusions

We have presented here an analysis of the changing
spatial and temporal variability in precipitation over
mainland China during the period 1957-2014. The
influence of the ENSQO, the PDO, and related atmo-
spheric circulation variables were examined to explore
the underlying mechanisms driving these changes.
Our results show that the change in the number of wet
days and very wet days was not spatially uniform across
China, but instead showed strong regional variations.
The number of wet days showed statistically significant
downward trends in the North China, Jianghuai,
South China, and Southwest China regions but
increased on the Tibetan Plateau and in Northwest
China. It should be noted that, despite the overall
decrease in precipitation in the Jianghuai region and
South China, the risk of heavy precipitation events
might not be reduced but may even be increased. Large
regions of southeastern China generally featured an
increased contribution of extreme events to overall
precipitation amounts, as demonstrated by statistically
significant upward trends in R95pTOT and the
number of very wet days. These spatially non-uniform
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trends contributed to changes in the spatial variability
of precipitation. In the context of global warming,
more extreme precipitation occurred concurrently
with an increase in the number of very wet days, which
was consistent with previous studies (Min et al 2011,
Fischer and Knutti 2015, Miao et al 2016b). These
results suggest that extreme precipitation has become
more homogenous and widespread across mainland
China.

The ENSO and the PDO are major factors that
control the variability of precipitation at a global scale
because they modulate variability in global atmo-
spheric circulation. Our results suggest that the spatial
variability and temporal distribution of precipitation
over China are correlated with the ENSO and the
PDO. The influence of the ENSO and the PDO had
zonal characteristics. During E1 Nifo years, wet days
and extreme precipitation events tended to occur
more frequently in southeastern China, but there were
fewer wet days in northern China. The concurrence of
higher water-vapor flux, weaker winds, and changes in
the subtropical high in E1 Nifo years could enhance
the differences in precipitation variability between
southern and northern China and hence result in
greater spatial variability. The strong decrease in
southerly winds in the positive PDO phase likely con-
tributed to the reduction in the number of wet days in
northern China and the increase in wet days in south-
eastern China. The reduction in water-vapor diver-
gence was conducive for the formation of extreme
weather events in southeastern China during the posi-
tive PDO phase. Furthermore, the easterly wind
anomaly and positive water-vapor content in north-
eastern China could simultaneously increase the num-
ber of wet days and the amount of extreme
precipitation in that region. These non-uniform chan-
ges also inevitably contributed to the overall changes
in spatial variability.

In summary, the ENSO, the PDO, and large-scale
atmospheric circulation are likely to be important fac-
tors in the variability of precipitation on both spatial
and temporal scales. In this study, we simply divided
the ENSO and PDO phases on the basis of the annual
values of the ENSO and PDO indices. Nevertheless,
the different types of ENSO events and different tim-
ing of the ENSO events resulted in the observed asym-
metries and nonlinearities in the influence of the
ENSO on precipitation variability (Karori et al 2013,
Zhang et al 2013). ENSO and PDO signals can interact
with each other when the ENSO and the PDO are in
phase, which intensifies their influence on climate
anomalies (Gershunov and Barnett 1998). In addition,
other factors, such as urbanization, land use, and
topographic heterogeneity, can significantly affect
local microclimates and the formation of precipita-
tion, and thereby also affect the spatial heterogeneity
and temporal distribution of precipitation (Ghosh et al
2011, Liu et al 2014, Liu et al 2015). Further analysis is
required to investigate the underlying mechanisms
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and the interactions between the different factors. The
observed spatial heterogeneity and temporal inequal-
ity in precipitation indicates that there is a high risk of
different natural hazards occurring in different
regions throughout the year. Systematic examination
of changes in the spatial variation and temporal dis-
tribution of precipitation in future climate scenarios is
essential for the management and mitigation of nat-
ural hazards in China.
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