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Abstract
The climatological features, regional trends, and interdecadal changes of summer precipitation over China are investigated in this
study from the perspective of four types of precipitation events with different consecutive days. The precipitation events are
classified based on the consecutive days of precipitation into 1-to-3-, 4-to-7-, 8-to-14-, and over-14-day events. The contribution
of 1-to-3-day events to climatological precipitation is larger than the other events over central Asia. Longer duration events
contributed more than the shorter duration events to precipitation in tropical regions. The positive precipitation trend in north-
western and southern China is mainly due to 4-to-7-day and 8-to-14-day events, respectively; and the negative precipitation trend
in North China is largely related to 4-to-7-day events. In general, the frequency change of precipitation events is a major reason
for the precipitation change of these events in the concerned regions. The precipitation decrease in northern China around the
mid-1960s is attributed to the reduction in 4-to-7-day events. The precipitation increase in northeastern and central China in the
late 1970s is due to a combination of increases in 4-to-7-day and 8-to-14-day events. The precipitation increase in southern China
around 1993 is mainly contributed by over-14-day events. The precipitation decrease in the mid-latitude Asia is due to the
decrease in 4-to-7-day events. Most of the interdecadal precipitation changes are related to decrease or increase in the activity of
anomalous cyclones. Results suggest that the frequency of occurrence of cyclonic perturbations is a major factor for interdecadal
changes in summer precipitation over China.
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1 Introduction

Precipitation is a vital component of the water cycle, and it is
the main source of local water resources. During the recent
decades, great efforts have been made to investigate the trends
in total precipitation amount and in the amount and frequency
of precipitation with different intensities, such as light, mod-
erate, and heavy precipitation as well as in absolute and rela-
tive precipitation extremes in the global land (Wen et al. 2015;
Nguyen et al. 2018) and national regions (Karl and Knight
1998; Liu et al. 2005; Qian and Lin 2005; Zhai et al. 2005;
Ding et al. 2007; Malik et al. 2016). In China, summer pre-
cipitation decreased in North China and Northeast China and
increased in the Yangtze River regions, coastal South China,
and northwestern China since the early 1950s (Liu et al. 2005;
Zhai et al. 2005; Ding et al. 2007; Lu et al. 2014). Extreme
precipitation events with long duration and strong intensity
can cause large economic and societal losses in China (Yan
1998; Zong and Chen 2000; Yuan et al. 2012). Thus, it is
important to understand the spatial and temporal variations
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of different types of precipitation events and their contribu-
tions to long-term changes in total precipitation.

The interdecadal variability of summer precipitation in
China has been studied by previous studies (Yan et al. 1990;
Gong and Wang 2000; Ding et al. 2008; Yao et al. 2008; Wu
et al. 2010; Zhu et al. 2010; Huang et al. 2011; Liu et al. 2011;
Huang et al. 2012; Liu andWu 2016). Four major interdecadal
changes have been identified, which occurred around the mid-
1960s, late 1970s, early 1990s, and late 1990s. Yan et al.
(1990) indicated a decrease in summer rainfall in North
China around the mid-1960s. Gong andWang (2000) showed
that mean precipitation in eastern China has been above nor-
mal since the late 1970s. Ding et al. (2008) found that the
summer precipitation in eastern China is characterized by
more precipitation in North and Northeast China during
1951–1978, a southward shift of more precipitation band to
the Yangtze River basin during 1978–1992 and further exten-
sion of more precipitation region to southern China during
1993–2004. The summer rainfall in North China and
Northeast China displays a notable decrease around 1999
(Liu et al. 2011; Huang et al. 2012).

The frequency and intensity of precipitation are as vital as
the amount of precipitation (Trenberth 2011). Most of the pre-
vious studies are mainly concerned with the intensity and fre-
quency in the investigation of changes in precipitation charac-
teristics. Several studies considered the temporal duration of
precipitation events (Zolina et al. 2005; Zolina et al. 2010;
Huang et al. 2011; Zolina et al. 2013; Zolina 2014; Liu and
Wu 2016). Zolina et al. (2010) showed that wet spells (conse-
quent days with significant precipitation) have become longer
over most of Europe by about 15–20% during the period 1950–
2008. Huang et al. (2011) analyzed the linear trends of different
durations of continuous Meiyu precipitation and found that
longer-duration precipitation has become significantly less fre-
quent since 2000, while 2-day and 3-to-4-day continuous pre-
cipitation processes have become more frequent. The longer
duration of precipitation events is related to the slower progres-
sion of planetary waves in 500-hPa height fields, which would
result in more persistent weather patterns (Francis and Vavrus
2012; Screen and Simmonds 2014; Guilbert et al. 2015). Long
extreme precipitation events (3–10 days) in OreMountainsmay
mainly be related to either slow-moving cut-off low or strong
zonal circulation when many successive cyclones from west/
northwestern cross over the area (Minářová et al. 2017). From
August 23 to 25, 2004, Typhoon Aere affected Taiwan for
3 days (CWB, 2004). Trepanier and Tucker (2018) found that
tropical cyclone rainfall in Houston, Texas and Miami, Florida
last fewer than 4 days. The largest accumulations of precipita-
tion in subtropical/mid-latitude locations may result from suc-
cessive frontal systems over multiple days (Norris et al. 2019).
These previous studies suggest that different precipitation life-
times are associated with different types of atmospheric circu-
lation systems.

Although many papers have documented changes in the
frequency and intensity of precipitation events in China, few
studies have analyzed precipitation events with multiple day
duration. Understanding changes in the duration of precipita-
tion days, as well as changes in the frequency and intensity of
precipitation and their relationships to changes in the amount
of seasonal precipitation, can be helpful in revealing the main
factors of changes in precipitation amount. Distinct frommost
previous studies, we classify the precipitation events based on
the duration of consecutive days and examine the changes in
frequency, intensity, and duration of precipitation events with
different consecutive days and their respective contributions
to total summer precipitation amount changes in China in this
paper.

The objectives of this study are to quantify the contribu-
tions of different precipitation events to summer precipitation
amount changes and analyze which characters (intensity, du-
ration, and frequency) account for the changes in the amount
of precipitation for different precipitation events. The rest of
the paper is organized as follows. Section 2 describes the data
and methods used. In Section 3, we present the climatological
characteristics of four types of precipitation events during the
summer season (June–July–August) during 1951–2015.
Contributions of intensity, duration, and frequency of precip-
itation events to long-term tendencies of summer precipitation
are analyzed in Section 4. In Section 5, we document the
contributions of intensity, duration and frequency of precipi-
tation events to the interdecadal changes of summer precipi-
tation. Section 6 presents a summary of the present study.

2 Data and methods

2.1 Data

In this study, the daily precipitation dataset was obtained from
the Asian Precipitation-Highly Resolved Observational Data
Integration Towards Evaluation of Water Resources
(APHRODITE) (Yatagai et al. 2012). The time period for this
dataset is from 1951 to 2015. This dataset is subject to strict
quality control procedures and has been used in numerous
studies (Yatagai et al. 2012; Lutz et al. 2014; Liu et al.
2016; Liu and Wu 2016). An angular distance averaging with
a Sheremap-type scheme was used to obtain the gridded pre-
cipitation data. For details of the procedure, please refer to
Yatagai et al. (2012). The number of gauges that passed the
quality control increases gradually during the 1950s and
1960s. In the monsoon Asian region that is the focus of the
present analysis, the number of gauges that passed the quality
control is quite large starting 1951 and even there is more
number of gauges in the 1950s than in the early 1970s (see
Fig. 3 of Yatagai et al. 2012).
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The daily output from the National Centers for
Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis (Kalnay et al. 1996)
for the period 1951–2015 and from the European Center for
Medium-Range Weather Forecasts interim reanalysis (ERA-
Interim) (Dee et al. 2011) for the period 1979–2015 were used
to examine changes in circulation features. The locations of
the storms were based on the Joint Typhoon Warning Center
(JTWC) “best-track” database (Knapp et al. 2010).

2.2 Methods

2.2.1 Classification of precipitation events

Following Liu and Wu (2016), the precipitation events are
classified into four types based on the number of consecutive
days with the daily precipitation amount exceeding 1 mm/day:
1–3 days, 4–7 days, 8–14 days, and over 14 days. This clas-
sification is based on the reasoning that precipitation in a
certain region with different consecutive days is induced by
the circulation systems that have a different life span. Here, we
show two examples to illustrate the dependence of the length
of precipitation event on the circulation system.

One example is a short precipitation event due to the trop-
ical synoptic system. On October 12–14, 1995, a typhoon
affected southern China, leading to a precipitation event there
with 3 days (October 12–14) (Fig. 1g). The variation of rain-
fall amount is consistent with the movement of the typhoon
(Fig. 1a–f). Large precipitation is observed when the typhoon
approached the coast of South China (Fig. 1a–d). The precip-
itation amount is reduced after the typhoon dissipated (Fig.
1d–f). The other example is a precipitation event over south-
ern China lasting 5 days. A low system developed over the
eastern Tibetan Plateau and moved eastward during June 12–
15, 1995 (Fig. 2a–d). When the low system arrived at south-
eastern China, the associated southwesterly lower-level winds
induced large precipitation over southern China (Fig. 2c–f).
Meanwhile, another low system was sustained over the east-
ern Tibetan Plateau (Fig. 2d–h), and it finally moved quickly
eastward to eastern China (Fig. 2i). During the process, the
subtropical high was maintained over the western North
Pacific. The subtropical high and the eastward-moving low
systems together resulted in the 5-day precipitation event from
June 14 to June 18, 1995, over southern China (Fig. 2j). The
above examples reveal that different precipitation durations
over a certain region are affected by different circulation sys-
tems. Thus, it is meaningful to classify precipitation events
based on the consecutive days of precipitation.

2.2.2 Three factors of precipitation events

The total rainfall amount of a precipitation event (PE) depends
upon intensity, duration, and frequency. Following Dairaku

et al. (2004), for a PE in the year j, the relationship of rainfall
amount to intensity and duration relationship is as follows:

Rk; j ¼ I k; jDk; j ð1Þ

where Rk, j represents the rainfall amount of the kth event in
the year j, Ik, j represents the intensity of the rainfall event k in
the year j, and Dk, j represents the duration of the rainfall
event k in the year j. The total summer rainfall amount of the
year j is represented by

∑N j

0 Rk; j ¼ ∑N j

0 Ik; jDk; j ð2Þ

The mean rainfall intensity is defined as

I j ¼ ∑N j

0 Rk; j

∑N j

0 Dk; j

¼ ∑N j

0 Ik; jDk; j

∑N j

0 Dk; j

: ð3Þ

Here,∑N j

0 Dk; j is the total rainfall duration of PE in the year
j. The average duration of the PE is defined by

Dj ¼ 1

N j
∑N j

0 Dk; j ð4Þ

whereNj represents the number (or frequency) of PE in the year j.
The total rainfall amount of a PE is related to three factors:

mean rainfall intensity, average rainfall duration, and frequen-
cy. The resultant equation is as follows:

∑N j

0 Rk; j ¼ ∑N j

0 Ik; jDk; j ¼ ∑N j

0 Ik; jDk; j

∑N j

0 Dk; j

∑N j

0 Dk; j

N j
N

j¼I j D jN j

ð5Þ

The frequency is defined as the number of events that oc-
curred with the daily precipitation greater than 1 mm/day. The
intensity is defined as the mean amount of precipitation during
each day in which precipitation events occurred. Following
Liu and Wu (2016), the duration of a rainfall event is defined
as the number of days with consecutive precipitation over
1 mm/day.

The total amount of summer precipitation Pj in the year j is
calculated by

Pj ¼ Pj;1−3day þ P j;4−7day þ Pj;8−14day þ Pj;14þday

¼ I j;1−3day Dj;1−3dayN j;1−3day

þ I j;4−7day Dj;4−7dayN j;4−7day

þ I j;8−14day Dj;8−14dayN j;8−14day

þ I j;14þday Dj;14þdayN j;14þday ð6Þ

where Pj, 1 − 3day , Pj, 4 − 7day, Pj, 8 − 14day, and Pj, 14 + day are
the amount of precipitation of the 1-to-3-day, 4-to-7-day, 8-to-
14-day, and over-14-day events in year j, respectively.
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2.2.3 Linear trends of precipitation and contributions of three
factors

We use multiple linear regression to analyze the contribution
of intensity, duration, and frequency to the amount of precip-
itation. Taking the 1-to-3-day events as an example, the
amount of precipitation of the 1-to-3-day PE can be written
as follows:

P j;1−3day ¼ β0 þ β1I j;1−3day þ β2Dj;1−3day þ β3Nj;1−3day

þ ε j ð7Þ

where beta are regression coefficients to be determined and
epsilon is the residual of linear regression that is related to the
nonlinear effect. The intensity, duration, and frequency are
calculated using the linear regression:

I j;1−3day ¼ α1 jþ α0 þ ε
I; j

ð8Þ

Dj;1−3day ¼ γ1 jþ γ0 þ ε
D; j

ð9Þ

N j;1−3day ¼ κ1 jþ κ0 þ εN; j ð10Þ

where, α1, κ1, γ1 is the trend of the intensity, duration, and
number of 1-to-3-day events, respectively; α0, κ0, γ0 denotes
the intercept; εI ; j; εD; j; εN ; j is the residual of linear regression
that is related to the nonlinear effect. Linear trends are calcu-
lated using the least square fitting method and the significance
of the linear trends is estimated using Student’s t test.
Accordingly, the change of rainfall amount of the 1-to-3-day
PE is as follows:

dpj;1−3day

dj
¼ β1 α1 þ β2γ1 þ β3κ1 þ β1

dε
I; j

dj

þ β2

dε
D; j

dj
þ β3

dεN; j
dj

þ dε j

d j
ð11Þ

Write the amount of precipitation using the linear regres-
sion:

P j;1−3day ¼ Αjþ Βþ Ε j ð12Þ

where A is the overall trend of 1-to-3-day PE (mm/year), B is
the intercept, and E is the residual of linear regression that is
related to nonlinear effect. Then, we have the following:
dpj;1−3day

dj
¼ Aþ dE

dj
ð13Þ

Fig. 1 (a-f) Precipitation amount (shading) (unit: mm) and wind anoma-
lies (vector) (unit: m/s) at 10 m during October 10–15, 1995. (g)
Precipitation amount averaged over the area of 22–25° N and 108–112°

E. The red dots represent the location of the cyclone. Blue line represents
the best track of the cyclone

T. You et al.1496



Comparing Eqs. (11) and (13), we get the following:

A ¼ β1 α1 þ β2γ1 þ β3κ1 þ β1

dε
I; j

dj
þ β2

dε
D; j

dj

þ β3

dεN; j
dj

þ dε j
dj

−
dE

dj
ð14Þ

The first, second, and third terms represent contribution
related to the intensity, frequency, and duration, respectively.
The sum of rest terms is the nonlinear contribution.

2.2.4 Interdecadal changes in precipitation and contributions
of three factors

In this article, interdecadal change of precipitation amount is
determined by three factors, taking, for example, the 1-to-3-
day events,

ΔP1−3day ¼ N1−3day D1−3dayΔI1−3day

þ N1−3day I1−3dayΔD1−3day

þ I1−3day D1−3dayΔN1−3day þ O ρð Þ ð15Þ

where N1−3day and D1−3day are the average number and the

average duration of 1-to-3-day PEs. ΔI1−3day is the changes
in the intensity of 1-to-3-day PEs. The first, second, and third
terms are the contributions of intensity, duration, and frequency
to the interdecadal change of precipitation of 1-to-3-day PEs.

2.2.5 Life spans of circulation variations related
to precipitation events

In general, the PEs with different durations are linked to cir-
culation systems with different life spans. In this study, we

Fig. 2 (a–i) Precipitation amount (shading) (unit: mm) and geopotential
height (contours) (unit: gpm) at 850 hPa during June 12–20, 1995. (j)

Precipitation amount averaged over the area of 22–26° N and 110–116°
E. L denotes the low system
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attributed the 1-to-3-day PEs to the wind variations with life
span shorter than 9 days, the 4-to-7-day PEs to wind variations
with a life span of 9–19 days, the 8-to-14-day PEs to wind
variations with a life span of 19-to-29-days, and the over-14-
day PEs to wind variations with a life span of more than
29 days. The above PE duration-wind life span relationship
is based on the assumption that precipitation falls in about half
of the life span of wind variations. For example, for an
intraseasonal variations of 20 days, it is likely that the precip-
itation occurs in the wet phase of the intraseasonal variations
that is about 10 days. In the present study, we analyze the wind
variations corresponding to a specific type of PEs based on the
above relationship.

2.3 Climatological features of the precipitation events

In this section, we analyze the climatological features of sum-
mer precipitation of the four types of PEs and their contribu-
tions to the total summer precipitation. This provides a back-
ground of the changes in the precipitation amount of the four
types of PEs in the next two sections.

The highest summer mean rainfall amount is observed in
tropical regions with obvious coastal or orographic features:
the west coasts of the Indian subcontinent, the south hills of
the Himalaya, and the east and west coasts of the Indo-China
Peninsula (Fig. 3a). The total precipitation amount is high in
the southeast and generally decreases towards central Asia.
This pattern is resulted from the transportation of water vapor
by the Asian summer monsoon. Water vapor becomes less
over inland areas than the coastal area because it gets further
away from the major water vapor source regions (Wu et al.
2019b). The total precipitation amount is moderate over the
mid-latitude regions, which is related to the activity of
eastward-moving circulation systems along the mid-latitudes.
The precipitation amount of the 1-to-3-day events over the
middle latitudes north of 30°N is higher than the other events
(Fig. 3b–e). The precipitation amount of the 4-to-7-day events
displays two regions with higher values: one located at middle
latitudes to the north of 45°N and the other located to the south
of 35°N (Fig. 3c). The precipitation amount of the 8-to-14-day
events displays similar features but with lower values than the
4-to-7-day events over the middle latitudes (Fig. 3d). The
precipitation amount of the over-14-day events is much higher
in the lower latitude regions than in the higher latitude regions
(Fig. 3e).

The spatial pattern of the fractional contributions of the
four types of PEs to the total precipitation amount shows dis-
tinct features. The contribution of the 1-to-3-day PEs to cli-
matological mean precipitation over central Asia is much larg-
er than the other events (Fig. 4a–d). This is due to the domi-
nant impact of short-duration synoptic weather systems along
the middle latitudes over this region (Liu and Wu 2016).
Longer duration events, the 8-to-14-day and over-14-day

PEs, contribute more to the summer precipitation amount over
the tropical regions than the shorter duration events. Over-14-
day PEs have a dominant contribution to the precipitation
amount along the west coasts of the Indian subcontinent and
Indo-China Peninsula and the south hills of the Himalaya
(Fig. 4d). This is distinct from the other events whose contri-
bution to the precipitation amount is relatively small along the
west coasts. The above results are consistent with Liu and Wu
(2016) whose analysis was based on a shorter time period of
1951–2006.

The distinct distribution of fractional contributions among
the four types of PEs indicates that the PEs with different
durations are linked to circulation systems with different char-
acteristics. The over-14-day PEs are likely related to slow-
moving convective systems from the equatorial region, such
as the 30-to-60-day intraseasonal oscillations (ISOs). Previous
studies have shown that the 30-to-60-day ISOs tend to move
eastward in the tropics, which are accompanied by northward
extension of the rain bands (e.g., Annamalai and Slingo 2001;
Kemball-Cook and Wang 2001). When these precipitation
bands hit the west coasts, the topographic effects lead to a
large precipitation amount there. In contrast, synoptic sys-
tems, such as tropical storms, and shorter period ISOs, such
as the quasi-biweekly ISOs, tend to move westward in the
tropical Indo-western Pacific regions (e.g., Mao and Chan
2005; Kikuchi and Wang 2009). The precipitation induced
by these circulation systems is mostly in the eastern part of
the tropical land regions. Over the middle latitude regions,
short-duration synoptic systems are dominant. As a result,
the short-duration PEs have more contribution to the precipi-
tation amount in the middle latitudes.

2.4 Linear trends

The trend of summer precipitation has been a topic of previous
studies (e.g., Liu et al. 2005; Zhai et al. 2005; Ding et al. 2007;
Lu et al. 2014). In this section, we analyze the contribution of
the four types of PEs to the long-term trend of summer pre-
cipitation in China during 1951–2015. We are concerned with
which type of PEs has a relatively large contribution to the
long-term trend of summer precipitation in the concerned re-
gions. In addition, we explore which characteristics of PEs
(frequency, duration, and intensity) have the largest effect on
the precipitation trends in each PE.

Summer precipitation shows a decreasing trend over North
China and an increasing trend in northwestern and southern
China (Fig. 5a). This is consistent with previous studies (Liu
et al. 2005; Zhai et al. 2005; Ding et al. 2007; Lu et al. 2014).
The increasing trends are also seen in Korea and most of the
Indo-China Peninsula. There are decreasing trends in central
India and Burma. In the following, we focus on the trends in
several regions of China where the trends are significant at the
90% confidence level.
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The decreasing trend of precipitation in North China and
the increasing trend of precipitation in northwestern China are
mainly related to the shorter duration events, the 4-to-7-day
and 1-to-3-day events (Fig. 5a–c). The 8-to-14-day and 4-to-
7-day events contribute to the increasing trend of precipitation
over southern China (Fig. 5a, c, d). The trends of precipitation
over tropical regions are mainly attributed to over-14-day
events (Fig. 5a, e). For a quantitative estimation, we calculate
area-mean trends of precipitation in the above regions. The
precipitation amount in North China has a linear trend of −
0.75 mm/year or 2.7%/decade (the climatological mean
amount is 274.8 mm) (Fig. 6a). The 4-to-7-day events account
for 48.6% of the linear trend over North China. In the north-
western China, the precipitation amount increases at 0.25mm/

year or 4.5%/decade (the climatological mean amount is
55.6 mm) (Fig. 6f). The 4-to-7-day events account for
41.6% of the trend of the total amount over northwestern
China. The linear trend over southern China is 1.29 mm/year
or 2.6%/decade (the climatological mean is 490.2 mm) (Fig.
6k). The 8-to-14-day events have a contribution rate of 46.4%
to the trend in the total amount and the 4-to-7-day events
contribute another 38.6% to the trend of precipitation over
southern China.

Changes in precipitation can be caused by frequency, in-
tensity, and duration changes. We calculate the fractional con-
tributions of intensity, duration, and frequency trends to the
trends of the total amount using Eqs. (7–10, 12, 14) in
Section 2. Results are shown in Fig. 6b–e, g–j, and l–o,

Fig. 3 Climatological mean summer precipitation (mm) for the period
1951–2015. (a) Total amount and the amount due to the precipitation

events with durations of (b) 1–3 days, (c) 4–7 days, (d) 8–14 days, and
(e) over 14 days
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respectively, for the above three regions. The contribution of
the 4-to-7-day events to the decreasing trend of precipitation
in North China is mainly due to the decrease of the number of
events (Fig. 6c). The contribution of the 1-to-3-day events to
the decreasing trend is related to both intensity and number
(Fig. 6b). The contribution of the 8-to-14-day events is mainly
due to the intensity (Fig. 6d). The contribution of PEs to the
increasing trend of precipitation in northwestern China is all
related to the number change (Fig. 6g–j). In addition, the in-
tensity change of the 4-to-7-day events has a positive contri-
bution to the increasing trend of precipitation. The positive
contribution of 4-to-7-day and 8-to-14-day PEs to the increas-
ing trend in southern China is attributed to both the number
and intensity changes. The positive contribution of the 1-to-3-
day PE is mainly due to the intensity change.

2.5 Interdecadal changes

The interdecadal variability of summer precipitation in China
has been studied by previous studies. Four interdecadal chang-
es have been recognized since the 1950s, which occurred
around the mid-1960s in North China, late 1970s in
Northeast China and the Yangtze River region, and early
1990s in southern China and late 1990s in northern China
(e.g., Yan et al. 1990; Gong and Wang 2000; Ding et al.

2008; Liu et al. 2011). Our inspection of area-mean summer
precipitation evolution confirms the above four interdecadal
changes in summer precipitation (not shown). In this section,
we document the contribution of the four types of PEs to the
above four interdecadal changes of summer precipitation in
China and the effects of frequency, duration, and intensity
changes for precipitation changes in each PE.

The precipitation decrease over North China during the
mid-1960s has a larger contribution from the 4-to-7-day and
8-to-14-day events (Fig. 7a–f). The contribution of 1-to-3-day
and over-14-day events is small. The decrease of precipitation
of the 4-to-7-day events is largely due to the decrease in the
number of events (Fig. 7h). The decrease of precipitation of
the 8-to-14-day events is due to the nonlinear effect (Fig. 7i).
The above precipitation decrease is associated with the lower-
level northerly wind change extending from Northeast China
to southern China (Fig. 7a–d) that reduces the northward
transport of moisture from the lower latitudes.

To understand the impact of the circulation pattern on the
precipitation change, we construct wind anomaly distribution
corresponding to the 4-to-7-day PEs. The composite wind
anomalies are obtained based on averaging 9-to-19-day fil-
tered daily 850 hPa wind anomalies over the days when pre-
cipitation reaches 1 mm in half of the grids in the domain of
34–43° N and 108–118° E that is defined as a 4-to-7-day

Fig. 4 Fractional contribution (unit: %) of the precipitation events with
durations of (a) 1–3 days, (b) 4–7 days, (c) 8–14 days, and (d) over

14 days to climatological mean total summer precipitation amount for
the period 1951–2015
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event. Although this definition is subjective, the wind anom-
aly pattern leading to precipitation events can be captured
using such a definition as shown below (e.g., Fig. 8a). This
indicates that the definition is suitable and reasonable. As the
wind system leading to precipitation in a region usually moves

with the time, use of a slightly more or less strict criterion may
obtain larger or weaker composite wind anomalies with less or
more days satisfying the criterion. However, the general fea-
tures are expected to remain similar. The 9-to-19-day time
band is chosen for temporal filtering because a 4-to-7-day

Fig. 5 Spatial distribution of trends (mm/decade) of summer precipitation
over the period 1951–2015. (a) Total precipitation and (b-e) the precipi-
tation due to precipitation events with durations of (b) 1–3 days, (c) 4–
7 days, (d) 8–14 days, and (e) over 14 days. Dots denote trends significant

at the 90% confidence level. The three boxes denote the domain of north-
west China, North China, and southern China used in calculation of area
mean in Fig. 6
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event is likely corresponding to a half period of 9-to-19-day
wind variations. An apparent lower-level cyclone is observed
over North China, accompanied by an anticyclone on its east
side in the composite wind anomaly field over the period of
1951–2015 (Fig. 8a). We then project 9-to-19-day filtered

daily 850 hPa wind anomalies on the above wind composite
field in the domain of 29–48° N and 98–128° E. The proba-
bility density function (PDF) of projection coefficient is con-
structed for 1965–1974 and 1955–1964, respectively (Fig.
8b). Apparently, the PDF of the projection coefficient is

Fig. 7 Spatial distribution of interdecadal change of summer precipitation
(shading) and 850 hPa winds (vector, scale at the right-bottom corner) at
the mid-1960s. (a) Total precipitation and (b–e) precipitation of events
with durations of (b) 1–3 days, (c) 4–7 days, (d) 8–14 days, and (e) over
14 days. (f) Interdecadal change of total summer precipitation at the mid-
1960s and contributions of the precipitation events with durations of 1–
3 days, 4–7 days, 8–14 days, and over 14 days over North China. (g–j)

Trends of precipitation (red) due to the precipitation events with durations
of 1–3 days, 4–7 days, 8–14 days, and over 14 days over North China and
the contributions due to changes in intensity (green), frequency (yellow),
duration (blue) and the residual part associated with the nonlinearity
(black). Dots denote precipitation changes significant at the 90% confi-
dence level. The box in Figs. a–e denotes the domain used in calculation
of area mean in Figs. f–j. Unit: mm

Fig. 6 (a) Trends of total summer precipitation and contributions of the
precipitation events with durations of 1–3 days, 4–7 days, 8–14 days, and
over 14 days over North China. (b–e) Trends of precipitation (red) due to
the precipitation events with durations of (b) 1–3 days, (c) 4–7 days, (d)
8–14 days, and (e) over 14 days over North China and the contributions

due to changes in intensity (green), frequency (yellow), duration (blue)
and the residual part associated with the nonlinearity (black). (f–j) and (k–
o) are similar to (a–e) except over northwest China and southern China
(k). The unit is mm/year
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different in 1965–1974 and 1955–1964 with the difference of
the Kolmogorov-Smirnov statistic (Fig. 8c) reaching the 99%
confidence level. It implies that the activity of the cyclonic
wind anomaly pattern over North China leading to precipita-
tion of the 4-to-7-day events was reduced after the mid-1960s.
During 1965–1974, the PDF is skewed towards negative
values, which corresponds well with the decrease in precipi-
tation of 4-to-7-day events over North China. Conversely,
during 1955–1964, active spells occurred more frequently as
there was more cyclonic activity.

Summer precipitation along the Yangtze River Valley
experienced a notable regime shift at the late 1970s
(Fig. 9a) (Ding et al. 2008; Liu et al. 2011; Liu and Wu
2016). A concurrent increase occurred in Northeast China
(Fig. 9a). This spatial pattern is consistent with Liu and Wu
(2016). Their analysis showed that the interdecadal changes
around the late 1970s in total precipitation over the two
regions are dependent on the changing number of precipi-
tation days and the regrouping of events with different du-
rations and intensities. However, they did not analyze
which types of events contribute more. Here, we examine
the fractional contributions of the four types of PEs to
interdecadal change in the total amount of precipitation
around the late 1970s. In both Northeast China and the
middle Yangtze River valley, the 4-to-7-day and 8-to-14-
day events contribute positively to the summer precipitation
increase, the contribution of the over-14-day events is
small, and the 1-to-3-day events have a negative contribu-
tion (Fig. 9a–f, k). The precipitation increase over
Northeast China is associated with a lower-level cyclone
and that over the middle Yangtze River valley is consistent
with lower-level convergence in the wind change corre-
sponding to the 4-to-7-day and 8-to-14-day precipitation
events (Fig. 9c, d). In both Northeast China and the middle
Yangtze River Valley, the increase of precipitation of the 4-
to-7-day events is mainly due to the increase in the number

of events (Fig. 9h, m). The increase of precipitation of the 8-
to-14-day events has a larger contribution from the nonlin-
ear part (Fig. 9i, n). The negative contribution of the 1-to-3-
day events is attributed to the decrease in the number of
events (Fig. 9g, l). The above results indicate a tendency
for the duration of PEs to become longer around the late
1970s.

The composite 9-to-19-day and 19-to-29-day filtered daily
850 hPa wind anomaly fields corresponding to the 4-to-7-day
and 8-to-14-day PEs in the domain of 43–50° N and 121–
128.5° E both features a cyclonic wind anomaly pattern over
Northeast China (Fig. 10a, d). Similar to the analysis on the
interdecadal changes around the mid-1960s, the PDFs are cal-
culated based on the projection coefficient of filtered daily
850 hPa wind anomalies in the domain of 38–55° N and
111–138.5° E over two periods before and after the
interdecadal change. Results indicate that the spatial pattern
of the above wind anomalies has become more frequent over
Northeast China since the late 1970s (Fig. 10b, e). The differ-
ence in PDFs exceeds the 99% confidence level according to
the Kolmogorov-Smirnov statistic (Fig. 10c, f).

A similar analysis of the wind anomaly pattern and the
PDFs has been conducted for the precipitation increase over
the middle Yangtze River region. The composite 9-to-19-day
and 19-to-29-day filtered daily 850 hPa wind anomaly distri-
bution corresponding to the 4-to-7-day and 8-to-14-day events
in the domain of 29–35° N and 104–112° E displays anoma-
lous lower-level wind convergence in the above region
(Fig. 11a, d). During the period before the change, the PDF
of 9-to-19-day filtered daily 850 hPa wind anomalies in the
domain of 24–40°N and 94–122° E tends to shift to negative
values, which corresponds with the decrease of precipitation
of the 4-to-7-day events (Fig. 11a–c). However, the difference
of PDF of 19-to-29-day filtered wind anomalies before and
after the change does not reach the 99% confidence level
(Fig. 11e, f).

Fig. 8 (a) The composite 9–19-day filtered daily 850 hPa wind anomaly
(m/s) distribution corresponding to the 4–7-day events in North China
(denoted by the blue box). (b) The PDFs (unit: %) of projection coeffi-
cient of 9–19-day filtered 850 hPa daily wind anomalies based on the
domain denoted by the red box for 1955–1964 (solid line) and 1965–

1974 (dash line), respectively. The vertical lines denote the mean project
coefficients in the respective periods. (c) The Kolmogorov–Smirnov sta-
tistic of PDF for the period 1955–1964 (solid line) and 1965–1974 (dash
line)
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Fig. 9 As Fig. 7 but for the interdecadal change around the late 1970s in Northeast China and the middle Yangtze River. (f–j) are for Northeast China,
(k–o) are the middle Yangtze River region

Fig. 10 The composite (a) 9-to-19-day and (d) 19-to-29-day filtered daily
850 hPa wind anomaly (m/s) distribution corresponding to the 4-to-7-day
and 8-to-14-day events in Northeast China (denoted by the blue box). The
PDFs (unit: %) of projection coefficient of (b) 9-to-19-day and (e) 19-to-
29-day filtered daily 850 hPa wind anomalies based on the domain

denoted by the red box for 1967–1976 (solid line) and 1979–1988 (dash
line), respectively. The vertical lines denote the mean project coefficients
in the respective periods. The Kolmogorov–Smirnov statistic of PDFs of
(c) 9-to-19-day and (f) 19-to-29-day filtered daily 850 hPa wind anoma-
lies for 1967–1976 (solid line) and 1979–1988 (dash line)
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A notable increase in summer rainfall over southern China
occurred around 1992–1993 (Fig. 12a) (Ding et al. 2008; Wu
et al. 2010). This shift has a larger contribution by longer
duration events, especially the over-14-day events (Fig. 12a–
f). This is consistent with Liu andWu (2016) who showed that
there is a significant decrease in the short duration events with
weak intensities and a significant increase in the long duration
events with strong intensities, especially the over-14-day
events with mean intensities of 11–21 mm/day and over
23 mm/day. It was concluded that the interdecadal increase
in the long duration (over-14-day) events may be attributed to
the extended life cycles of persistent monsoon-related circu-
lations since 1992. Our analysis shows that the precipitation
increase of the over-14-day events is related to the non-linear
effect (Fig. 12j). The precipitation increase of the 8-to-14-day
events has an important contribution as well, with a larger part
from the increase in the number of events (Fig. 12i). The main
contribution of long-duration events to the above precipitation
increase is consistent with the lower-level southerly wind
change corresponding to the 8-to-14-day and over-14-day
events (Fig. 12d, e).

To understand the precipitation change of the 8-to-14-day
and over-14-day events over southern China, we construct
composite 19-to-29-day and 29-to-61-day filtered daily
850 hPa wind anomalies corresponding to 8-to-14-day and
over-14-day events in the domain of 22–28° N and 107–
120° E. It is obvious that the precipitation increase is associ-
ated with anomalous cyclonic wind fields (Fig. 13a, d). In
comparison, the spatial pattern of over-14-day events is more
obvious than that of the 8-to-14-day events. The PDF of
projected filtered daily 850 hPa wind anomaly fields in the
domain of 17–33° N and 97–130° E in the period before the
change shifts to negative values whereas that in the period

after the change shifts to positive values (Fig. 13b, e). The
difference in PDFs exceeds the 99% confidence level accord-
ing to the Kolmogorov-Smirnov statistic (Fig. 13c, f). In order
to justify the reliability of PDF of circulation anomaly pattern
derived from the NCEP-NCAR reanalysis 1, the calculation
has been repeated using ERA-Interim data in the same sub-
region for the same period. The obtained results validate those
based on the NCEP-NCAR reanalysis.

The summer precipitation decrease around 1999 occurred
over the mid-latitude regions, including northern China and
Mongolia (Fig. 14a), as documented in previous studies (Wu
et al. 2019a). The precipitation decrease has a larger contri-
bution of the 4-to-7-day events (Fig. 14a–f), which is closely
related to the reduced number of the 4-to-7-day events
(Fig. 14f). The 8-to-14-day events have a supplementary
contribution to the precipitation decrease in the above region
(Fig. 14d, f). The above precipitation decrease is consistent
with a lower-level anticyclone in the wind change
(Figs. 14a–d).

The composite 19-to-29-day and 29-to-61-day filtered
daily 850 hPa wind fields corresponding to the 4-to-7-day
and 8-to-14-day events display an anomalous cyclone over
the middle latitudes (Fig. 15a, d). A significant difference of
PDF of projected filtered daily 850 hPa wind anomaly fields
in the domain of 37.5–57.5° N and 90–140° E is seen for the
4-to-7-day events (Fig. 15b). The PDF tends to shift to neg-
ative values during 1999–2014, which is consistent with the
reduced precipitation amount. The PDF difference between
the two periods before and after 1999 exceeds the 99% con-
fidence level according to the Kolmogorov-Smirnov statistic
(Fig. 15c). The PDF of the projection coefficient based on
the 8-to-14-day events displays similar features
(Figs. 15e, f).

Fig. 11 As in Fig. 10 but for the middle Yangtze River region
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3 Summary

On the basis of the APHRODITE daily precipitation data set,
the present study investigates climatological features, regional
trends, and interdecadal changes from the contributions of
four types of precipitation events that are classified based on
the duration of consecutive precipitation days. The circulation
features corresponding to the interdecadal changes of precip-
itation are also analyzed in this study. The main findings of
this study are summarized as follows.

The contribution of 1-to-3-day events to the climatology
of summer precipitation over Central Asia is larger than the

contribution of the other events. Longer duration events, the
8-to-14-day and over-14-day events, contribute more to the
summer precipitation amount over the tropical regions than
the shorter duration events. Over-14-day precipitation
events have the largest maximum contribution to the pre-
cipitation amount over the tropical areas, especially along
the west coasts of the Indian subcontinent and Indo-China
Peninsula.

The 4-to-7-day events have a dominant contribution to the
trends in total precipitation amount over northwestern and
North China during 1951–2015. The 8-to-14-day events play
a more important part in the trends of summer precipitation in

Fig. 12 As in Fig. 7 but for the interdecadal change around the early 1990s in southern China

Fig. 13 The composite (a) 19-to-29-day and (d) 29-to-61-day filtered
daily 850 hPa wind anomaly (m/s) distribution corresponding to 8-to-
14-day and over-14-day events in southern China (denoted by the blue
box). The PDFs of projection coefficient of (b) 19-to-29-day and (e) 29-
to-61-day (e) filtered daily 850 hPa wind anomalies based on the domain

denoted by the red box for 1982–1991 (solid line) and 1993–2002 (dash
line), respectively. The vertical lines denote the mean project coefficients
in the respective periods. The Kolmogorov–Smirnov statistic of PDFs of
(c) 19-to-29-day and (f) 29-to-61-day filtered daily 850 hPa wind anom-
alies for 1982–1991 (solid line) and 1993–2002 (dash line)
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southern China during 1951–2015. In general, the frequency
change of precipitation events has a greater contribution to the
total precipitation changes than intensity and duration except
for the over-14-day events in the three regions and the 1-to-3-
day events over southern China.

The 4-to-7-day events contribute to the precipitation de-
crease in North China around the mid-1960s, the precipitation
increase in Northeast China and the middle Yangtze River
region around the late 1970s, and the precipitation decrease
in the mid-latitude regions around the late 1990s. All these are
mainly attributed to the change in the number of events. The
8-to-14-day events contribute to the late-1970s precipitation
change in Northeast China and the middle Yangtze River
region via the number of events. The precipitation increase

in southern China around 1993 is related to the over-14-day
events.

The contributions of the three factors to the precipitation
change of the four types of events are estimated by multiple
linear regressions. One issue of concern is whether the esti-
mated contributions of the three factors are affected by the
correlations that may exist among the variations of the three
factors. To address this issue, we have calculated the grid-
point correlations of each pair of two factors. For the 4-to-7-
day and 8-to-14-day events, the grid-point correlation is insig-
nificant except for some isolated small regions. For the 1-to-3-
day events, a significant intensity-duration correlation is ob-
served, but not in North China, and a significant duration-
number correlation is observed in eastern China. For the

Fig. 14 As in Fig. 7 but for the interdecadal change around the late 1990s in the mid-latitude region

Fig. 15 As in Fig. 10 but for the interdecadal change around the late 1990s in the mid-latitude region
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over-14-day events, a significant duration-number correlation
is observed over India and Indo-China Peninsular. The above-
mentioned significant correlation coefficient for the 1-to-3-
day events is only 0.2–0.3. This indicates that the percentage
of contributions related to the inter-dependence of two factors
is not large and thus it does not affect much the contributions
estimated based on the linear assumption. In addition, accord-
ing to the present analysis, the precipitation changes in the
concerned regions are mostly related to contributions of 4-
to-7-day and 8-to-14-day events for which the three factors
tend to be independent. For the over 14-day events, the corre-
lation is insignificant in southern China. In addition, the resi-
due term may include part of the contribution related to the
interdependence of the three factors. Thus, we may say that
the results obtained in the present study are not affected by the
interdependence of the three factors. We note that the residual
tends to display a normal distribution in the concerned regions
of the present analysis.

A common feature of the four interdecadal precipitation
changes is a decrease or an increase in the activity of cyclonic
wind anomalies. This indicates an important role of higher
frequency wind anomalies in the interdecadal changes of sum-
mer precipitation over China. The present results suggest that
the interdecadal precipitation changes may be a result of
changes in the activity of circulation systems with different
life spans. This may provide useful information for under-
standing the reason for interdecadal changes in summer pre-
cipitation. While the present study reveals the impacts of wind
variations with different life spans, it remains to be explored
what are the source and propagation of these wind anomalies.

The present study focused on analyzing the four
interdecadal changes in summer precipitation in China.
There are other interdecadal changes in precipitation in
China and in other regions. For example, an interdecadal in-
crease in precipitation occurred in northwestern China around
1986 (Shi et al. 2003; Yin et al. 2009; Wang and Yan 2014).
Our preliminary analysis indicates a major contribution of 1-
to-3-day and 4-to-7-day precipitation events to the mid-1980s
and the number of events is a dominant factor. Further analy-
sis is needed to identify the changes in the relevant circulation
pattern for these interdecadal changes. It is also worthy of
investigation what are the relative contributions of the four
types of precipitation events to interdecadal changes of pre-
cipitation in other regions and the associated changes in cir-
culation patterns.

Previous studies assessed the contributions of changes in
the number of days of precipitation with different intensities to
long-term and interdecadal changes in summer precipitation
over China (e.g., Liu et al. 2005; Zhai et al. 2005; Wen et al.
2015). The present study examined the changes in the inten-
sity, duration, and frequency of the four types of precipitation
events with different consecutive days and their respective
contributions to long-term and interdecadal changes in

summer precipitation over China. This provides a new per-
spective of understanding the long-term and interdecadal
changes of precipitation. Our results show that the precipita-
tion events with long duration (4-to-7-day and 8-to-14-day)
have a larger contribution to the observed long-term and
interdecadal changes in summer precipitation over China. As
these long-duration precipitation events are associated with
circulation patterns with a life span of intraseasonal time
scales, it implies that the long-term and interdecadal changes
in summer precipitation are related to changes in the frequen-
cy of intraseasonal circulation patterns in the concerned re-
gion. This suggests that one should pay attention to changes
in atmospheric intraseasonal oscillations when investigating
the reasons for long-term and interdecadal precipitation
changes.
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