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In this paper, we analyzed the effect of SST on the precipitation of coastal areas of the eastern China. The
relationship between the precipitation and SST of different seasons based on CMDC's monthly precipitation data
and NOAA's SST data from 1979 to 2016 was calculated. Analysis on the links between precipitation and SST has
shown a significant correlation in winter and spring, with three positive strong oceanic signals and two nega-
tively correlated sea areas. Meanwhile, the precipitation and SST of highly correlated regions have increased
during the past 38 years. Considering the seasonal variation, precipitation presents upward trend in summer and
winter with appreciable seasonal variations. For one of the highly related areas, such as the East China Sea (ECS)
and the north of Philippine Sea (PS), the SST there has been increased in all four seasons. Spectral analysis also
shows that the precipitation and the MEI have the same cycles about 3-5 years. Moreover, lead-lag analysis
between precipitation time-series and three climate indexes (Nifio 1 + 2 SST index, Nifio 3 SST index and SIOD
SST index) were applied. The results show that when the SSTs lead 2 to 4 months, they are highly related to the
precipitation in the coastal areas of the eastern China.

1. Introduction

Dominated by the East Asian monsoon, an energetic component of
the global climate system, the coastal areas of eastern China are fea-
tured by high temperature, moist and rainy in summer and low tem-
perature, dry and rainless in winter. And the development of the coastal
areas of the eastern China is quite vulnerable to the variability of the
climate in this region, especially the precipitation (Tao, 1987; Yu and
Zhou, 2007; Zhu et al., 2011; Cai et al., 2017; Zhang and Ge, 2013).
Being largely affected by the monsoonal circulation and external for-
cing, precipitation over the coastal areas of the eastern China has dis-
tinct seasonal characteristics. The precipitation presents an upward
(downward) trend in summer (winter) over there. More than this, the
precipitation has inter-annual variabilities with frequent floods and
droughts (Webster et al., 1998; Yang and Lau, 2004; Ding et al., 2008;
Ji et al., 2018a).

According to the previous studies, in the late 1970s, the precipita-
tion became more plentiful in the Yangtze River valley, and reduced in

the north of China. However, some researchers claimed that the pre-
cipitation pattern in the East China had changed since 1999, of which
the rainfall decreased in the Yangtze River region but there had been a
tendency for enhanced precipitation in the Huang-Huai River region
(Ding et al., 2009; Li and Leung, 2013; Zhu et al., 2011; Ji et al.,
2018b). Moreover, because of the continental and oceanic processes
and global warming, the precipitation over the Southeast China is in-
fluenced by the large-scale atmospheric circulation (Zhang et al., 2015;
Li et al., 2010a, 2010b).

It is claimed that many factors could affect the precipitation over
the eastern China, and some of them have been demonstrated to be the
major determinants, such as sea surface temperature (SST), Tibetan
Plateau heating, Tibetan Plateau snow cover and polar ice coverage
(Liu et al. (2014a, 2014b); Yang and Lau, 2004; Zhu et al., 2015; Ji
et al., 2018a). In addition, El Nino-Southern Oscillation (ENSO), Si-
berian High and East Asian trough would also influence the inter-an-
nual variability of precipitation there. Among all the factors, SST has
been identified to dominate the decadal variability of precipitation in
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the eastern China (Li et al., 2010a, 2010b; Zhou et al., 2010; Zhou and
Wu, 2010). It is of great importance to predict the rainfall by identi-
fying the relationship between SST and precipitation (Kumar et al.,
2013).

Due to the variations of surface evaporation, low-level moisture
convergence and thermal convection caused by SST anomalies, the
rainfall would be abnormal in the coastal areas. And this positive SST-
precipitation correlation is a typical pattern in some areas (Wu and
Kirtman, 2007).

The study of the influence of ENSO on precipitation can date back to
the early 1920s (Walker, 1925). Since 1980's, there have been more and
more works focusing on detecting the relationship between ENSO and
precipitation (Rasmusson and Wallace, 1983; Shukla and Paolino,
1983). Because of the transform of ENSO pattern (shift from conven-
tional ENSO to ENSO-Modoki), the rainfall over the South China and
many other areas has changed (Feng and Li, 2011; Zhang et al., 2011; Ji
et al., 2018b). Yang and Lau (2004) had demonstrated that it was the
warming trend of the ENSO-like mode that contributes to the increase
of spring precipitation over the southeastern China and decrease over
the northern China. Meanwhile, the interdecadal variations of summer
monsoon rainfall over the South China are found to be associated with
the ENSO (Chan and Zhou, 2005).

Teleconnections between ENSO and precipitation over the eastern
China and Yangtze catchments also have been analyzed before.
According to the previous researches, ENSO shows a close relation with
the seasonal precipitation variability over there (Xiao et al., 2015; Tong
et al.,, 2006; Yang and Lau, 2004). What's more, flood and drought
events were found to be closely related with El Nifio and La Nifa
(Ouyang et al., 2014; Tong et al., 2006). About the mechanism of this
phenomenon, many works have been done. One of the researchers put
up a mechanism named Pacific-East Asia teleconnection to explain how
ENSO affects precipitation, which highlights the significance of air-sea
interaction over the Philippine Sea (Wang et al., 2000). Another ex-
planation emphasizes the strength of the subtropical high in the wes-
tern Pacific region (Tong et al., 2006).

It has been documented in the earlier studies that positive Indian
Ocean Dipole (IOD) events would generate a Rossby wave train and
induce the precipitation anomalies in the East China (Guan and
Yamagata, 2003; Xie et al., 2009). What's more, the positive IOD event
would increase the rainfall in different regions of the Yangtze River
basin among different seasons (Xiao et al., 2015; Yuan et al., 2008). Xu
et al. (2013) found a close relationship between Subtropical Indian
Ocean Dipole (SIOD) and rainfall over China. Because of the antic-
yclonic atmosphere anomalies over the South China Sea and Philippine
Islands, SIOD would cause anomalous precipitation (Xu et al., 2013).

Summing up previous studies, much work had been done to detect
the relationship between precipitation and SST, seldom did they con-
sider SSTs' effects on the precipitation of the coastal areas of eastern
China. Not only that, the studies involved the seasonal and inter-annual
diversity of precipitation, while SST and their correlation are little re-
ported.

The objectives of this paper are to document the variability of the
precipitation over coastal areas of the eastern China and its links to the
SSTs in different seasons and different oceanic regions of other seas.
Furthermore, we would examine the lead-lag relationship between the
precipitation and several climate time-series (e.g. Nifio 1 + 2 SST
index, Nifio 3 SST index, MEI and SIOD SST index).

2. Data and methods
2.1. Data
2.1.1. NOAA data
Monthly mean SST data from 1979 to 2016 are derived from

National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed Sea Surface Temperature (SST) V5 dataset (https://
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www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v5.html), with a
horizontal resolution of 2.0° x 2.0° global grid (180 x 89).

2.1.2. CMDC version 2.0 combined precipitation data set

Monthly precipitation dataset is provided by China Meteorological
Data Service Center (CMDC) from 1979 to 2016. It combines ground
observations data and model precipitation data into 0.5°x0.5° hor-
izontal resolutions (http://data.cma.cn/site/showSubject/id/46.html).
In this paper, monthly precipitation data of eastern China (115°~122°E
and 22°~38°N) is processed into regional mean value.

2.1.3. Climate time-series

Monthly Nifio 1 + 2 SST index and Nifio 3 SST index from 1979 to
2016 are derived from NOAA's Earth System Research Laboratory
(https://www.esrl.noaa.gov/psd/enso/data.html).

The SIOD index is computed from SST anomaly difference between
western (55°-65°E, 37°-27°S) and eastern (90°-100°E, 28°-18°S) Indian
Ocean (Behera and Yamagata, 2001). We firstly calculated the monthly
mean SST of the two areas separately and then compared the difference
between them using the SIOD index.

2.2. Methods

2.2.1. Correlation analysis
The Pearson correlation coefficient (PCC) is a measure of detecting
the degree of association between two variables as X and Y (Pearson,
1895). The formula is:
Y,-Y
Sy

1 n X -X
iy

where n is the size of variable X and Y, Sx and Sy are the standard
deviation of X and Y, and X and Y are the mean value of X and Y.

In this study we used the PCC to discuss the relationship between
the precipitation and SST of each four seasons during the period of 1979
to 2016, and figured out whether the SST would affect the precipitation
above the eastern China.

r=

2.2.2. Mann—Kendall test

The Mann-Kendall (MK) trend test is used to statistically assess if
there is a monotonic upward or downward trend of the variable of
interest over time (Mann, 1945; Kendall, 1975). It uses the parameter
Zc (Yue and Wang, 2004) to measure whether the trend is significant.
When |Zc| is greater or equal to 1.28, 1.64, and 2.32, respectively, it
means that they respectively pass the test under 90%, 95% and 99%
significance (Yue and Wang, 2004).

Here the M-K test is applied to the seasonal and yearly mean pre-
cipitation and SST dataset, to check whether their trends are significant
during our study period.

2.2.3. Standard score

In statistics, a standard score refers to the standard deviation of the
values of observation points or data points higher than the average
values of observed or measured. It is calculated by (Erwin, 1979):

_X-X,_

K; =1,2,3,
s

(2)
where X; is the value of sample, X is the mean, and S represents the
standard deviation. A positive standard score represents that the ob-
servation value is above the average value, while negative standard
scores means the values below the average. Here, we take + 1 as the
threshold to measure whether the value is abnormal.

We processed the precipitation of eastern coastal areas of China, the
Nifno3 SST index and the SIOD index into the standard index to find out
their variation tendency and then discussed the relationship among
them.
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Fig. 1. Correlation between the precipitation and SST of 4 seasons during the period of 1979 to 2016 (a: spring; b: summer; c: autumn; d: winter; the areas passing
95% significance test are colored; before the correlation analysis on the SSTs and precipitation time series, the data were de-trended).

Table 1

The correlation coefficient of mainly correlated area of four seasons.
Area season ECS&PS EEP SIO
Spring(a) 0.4076 0.4757 0.5562
Summer(b) 0.1775 0.1251 —0.1033
Autumn(c) 0.0302 0.1381 0.0983
Winter(d) 0.3310 0.5073 0.4820

2.2.4. Spectral analysis

In order to detect the cyclical patterns of the precipitation and SST,
the spectral analysis is applied to the data, which can decompose a
complex time series into serval sinusoidal functions (Korn et al., 1998;
Pelletier, 1998; Ghil et al., 2002). Here we used the single Fourier
analysis to discuss the periodicity in the precipitation and SST. Before
analysis, the data were de-trended.

3. Result and discussion

3.1. Correlation between the precipitation of coastal areas of eastern China
and SST

In the coastal areas of the eastern China (the black rectangular area
in Fig.1; 115°~122°E and 22°~38°N), we calculated the seasonal pre-
cipitation. Using eq. 1, we got the distribution of correlation between
the precipitation and SST of four seasons during the period of 1979 to
2016 (Fig.1). Colored areas of the figure represent high correlation
between precipitation and SST, with the correlation coefficients passing
the t-test, at a confidence level of 95%.

Three main correlated areas can be seen in Fig. 1.a. They are located
in the East China Sea (ECS) and the north of Philippine Sea (PS)
(130°~150°E and 25°~35°N), Eastern Equatorial Pacific (EEP)
(150°~90°W and 5S8°~5°N), and subtropical Indian Ocean (SIO)
(60°~90°E and 15°S~0°), respectively. Howbeit, the acreage of corre-
lated areas varies from spring (Fig. 1.a) to winter (Fig. 1.d). The dis-
tribution is wider in winter and spring. But they gradually turn to small
in summer and autumn. Meanwhile, in spring, summer and winter,
there is a negatively correlated area in the Western Equatorial Pacific,
which is near to the Western Pacific Warm Pool (WPWP). The WPWP
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occupies the largest expanse of the Earth's surface of the highest water
temperatures. Some scholars pointed out that there is a significant
correlation between the precipitation over the eastern China and the
West Pacific Warm Pool over the summer (Mao-qiu et al., 2004). Also,
in the south-western India Ocean, a negatively correlated area occurs in
spring and summer. The results are consistent with the previous studies,
in which they analyzed the relationship between precipitation and SST,
and came to the conclusion that it was significantly positively corre-
lated in the tropical Indian Ocean and Pacific Ocean, negatively cor-
related over the western Pacific, eastern SCS, and the Bay of Bengal
(Wang et al., 2005; Wu et al., 2009; Lu and Lu, 2014).

Table 1 gives the correlation coefficient for each mainly positively
correlated area of four seasons. We can see that they have higher values
in spring and winter. It means that the precipitation of coastal areas of
the eastern China is highly related to the winter and spring SST, espe-
cially in the SIO of spring-time, of which the coefficient reaches 0.5562.
In comparison, the coefficient is lower in summer and autumn, and it
turns to be negatively correlated in the SIO of summer-time.

3.2. Seasonal and inter-annual variation of the precipitation of coastal
areas of eastern China and SST in correlated areas

3.2.1. Seasonal and inter-annual variation of the precipitation

To further study the correlation between SST and precipitation of
coastal areas of eastern China, the variations of them are analyzed.
Fig. 2 shows the monthly average precipitation of coastal areas of the
eastern China, in which the value slightly rises from winter (December,
January and February) to spring (March, April and May) and reaches its
maximum in summer (June, July and August). Then, it drops in autumn
(September, October and November). The summer precipitation is
nearly 4 times that in winter.

Fig. 3 shows the variation of precipitation in coastal areas of the
eastern China of four seasons. There is an upward trend in summer and
winter during the period of 1979-2016 as revealed by previous studies
(e.g. Yang and Lau, 2004), and the upward trend in summer is sig-
nificant (passed the M-K test at a confidence level of 95%, with the
value Z. = 2.02. The precipitation in spring and autumn had experi-
enced a slight drop during the past 38 years. But the downward trend
was not significant.
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Fig. 2. Monthly average precipitation of coastal areas of eastern China; (unit: mm).

3.2.2. Seasonal and inter-annual variation of SST

Here we take one of the positively correlated areas (East China Sea
(ECS) and the north of Philippine Sea (PS)) in Fig. 1 as example to
calculate the monthly average SST there. Fig. 4 shows the SST for each
month in the selected area. The temperature consistently rises from
May to August, but it subsequently drops from September to February.
The average temperature there is 23.4 °C.

The inter-annual SST variation of the four seasons in this area is
presented in Fig. 5. All the four seasons' SSTs have been rising during
the past 38 years, and the upward trends of SSTs in summer, autumn
and winter have passed the M-K test at a confidence level of 95%. The
average value of each four seasons is computed. The results show that
the summer has the highest value of 26.5 °C, but the SSTs in winter and
spring are low, which is similar to the previous study of Gong and Wong
(2018).
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3.2.3. Seasonal and inter-annual variation of the correlation between the
precipitation and SST

The variation of precipitation in coastal areas of the eastern China is
greatly affected by the East Asian monsoon, with significant inter-an-
nual and inter-decadal variabilities (Ding et al., 2008). Fig. 6 depicts the
inter-annual variation of precipitation and the precipitation anomaly.
Although the precipitation shows a significant downward trend in the
periods 1983-1986, 1998-2004 and 2005-2009, it is fluctuating up-
ward during the past 38 years on the whole. This is the same as the
result of Zhu et al. (2011), in which the researchers claimed that the
precipitation pattern in East China had changed appreciably since
1999.

Especially, in the past four years, the increase in precipitation is
very significant. Moreover, we can see the obvious inter-annual varia-
tion from the precipitation anomaly (the bar graph in Fig.6).

Focusing on the three downward periods, we found that they all
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Fig. 3. The variation of precipitation of four seasons in coastal areas of eastern China (a: spring; b: summer; c¢: autumn; d: winter; unit: mm).
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Fig. 4. Monthly average SST of East China Sea (ECS) & the north of Philippine Sea (PS) (unit: °C).

came after the El Nifno events. They occurred in 1982-1983, 1997-1998
and 2004-2005 with the first two events among the strongest on record
(Center, 2015).

Fig.7 indicates the power spectra for the precipitation over the
eastern China (Fig.7 a) and the multivariate ENSO Index (MEI) (Fig.7 b)
during the period 1979-2016. We can see from the figure that the three
main cycles of the precipitation are 3.17, 2.24 and 6.33 years. For the
MEI they are 5.43, 3.8 and 12.67 years respectively. These two sets of
results show that the time series of precipitation over the eastern China
and the MEI have the similar cycles about 3 and 5 years, in which the
correlation is obvious between the precipitation and ENSO events.

For the selected correlated areas in fig. 1 (East China Sea (ECS) &
the north of Philippine Sea (PS); Eastern Equatorial Pacific (EEP); and
Subtropical Indian Ocean (SIO)), the annual average SSTs are calcu-
lated respectively (Fig.8). All of the three SSTs have increased during
the period of 1979-2016. The ECS & PS's SST rises from 22.7 °C to about
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24.2 °C, and the EEP's SST rises from 25.7 °C to 26.6 °C. It increases from
27.6 °C to 28.5 °C in SIO, in which, the upward trends of SSTs in ECS &
north of PS and SIOD pass the M-K test at a confidence level of 95%.
The inter-annual variation of precipitation (Fig.6) and the SSTs
(Fig.8) shows a similar trend. In addition, the location of EEP has al-
most overlap with the area of Nifio 1 + 2 (90°~80°W and 10°S~0°) and
Nifio 3 (150°~90°W and 5°S~5°N), two of the Nifio regions. Another
related area SIO in Fig. 1 has a high overlap level with the position of
Subtropical Indian Ocean Dipole (SIOD), which is characterized by the
oscillation of SST in the southwest Indian Ocean. The water is warmer
in the south-western part of the Indian Ocean, such as south of Mada-
gascar, and then turns to be colder than the eastern part of the Indian
Ocean in positive SIOD phase (Behera and Yamagata, 2001). In a boreal
winter, the positive (negative) SIOD events are always accompanied by
the weak (strong) Indian summer monsoons, which would cause a
weakening (strengthening) of the monsoon circulation system in a
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Fig. 5. The variation of SST of East China Sea (ECS) & the north of Philippine Sea (PS) (a: spring; b: summer; c: autumn; d: winter; unit: °C).
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Fig. 6. The inter-annual variation of precipitation in coastal areas of eastern China (blue line, unit: mm); and precipitation anomaly (red bar graph).

boreal summer. It would also affect the precipitation in many regions
(Privé and Plumb, 2007; Qiuming, 2006; Terray et al., 2003).

To further study the relationship between SST and precipitation in
coastal areas of eastern China. The standard indices of precipitation,
Nifio 1 + 2 SST, Nifio 3 SST, and SIOD SST are shown in Fig. 9. It is
clear that all of the three standard indexes have the similar fluctuation
and cycle. We noted that there is a lead-lag relationship between the
precipitation and the three climate time-series index. The antecedent
SST is significantly correlated to the subsequent precipitation.

Then we investigated lead-lag relationships between precipitation
in coastal areas of eastern China and each three climate index using
lagged correlations. Table 2 is the correlation coefficients between the
standard index of precipitation and each climate index, and all the
values passed the significance testing at a level of 95%. Table 2 implies
that when Nifio 1 + 2 index leads rainfall by 3-month, the precipitation
and SST indices are significantly positively correlated with the coeffi-
cient about 0.7835. This result is similar to those of when the Nifo 3
index leads precipitation by a 2- or 3-month period, and the coefficients
reach 0.6768 and 0.6409, respectively. For the SIOD index, precipita-
tion leads it a 4-month period to reach the highest correlation coeffi-
cient about 0.5609. This result is very close to some earlier studies (e.g.
Wang et al., 2005).

3.0

4. Conclusions

In this study, using the CMDC precipitation data and NOAA's SST
data, we analyze the variability of the precipitation in coastal areas of
eastern China and its links to global SSTs. This article starts from the
assumption that the eastern China's precipitation and its variability
might be associated with the SST. Firstly, we applied correlation ana-
lysis to the SST and precipitation in different seasons. The results vary
from season to season. They are more significant in winter and spring,
and three major areas are found to be highly correlated to the pre-
cipitation. They are the East China Sea (ECS) and the north of
Philippine Sea (PS), Eastern Equatorial Pacific (EEP), and subtropical
Indian Ocean (SIO), respectively. Also, there are two main negative
correlation areas (located in WPWP and the South Pacific).

The seasonal and inter-annual variation of precipitation and SST are
calculated respectively. The precipitation is heavy in spring and
summer, and it's almost 2 or 3 times that in autumn and winter.
Considering the inter-annual variation of the precipitation, it is con-
sistently rising in summer and winter. But the precipitation in spring
and autumn had experienced slightly drop during the period of
1979-2016. However, it is fluctuating upward during the past 38 years
on the whole, especially in the past 4 years, the upward is very sig-
nificant. For the SST in three correlated areas, all of them have been
increasing during this period, about 1.1 °C on average. Focus on the ECS
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Fig. 7. Spectral analysis of the precipitation in coastal areas of eastern China (a) and the MEI (b). The main cycle is 3.17 years for the precipitation and 5.43 years for

the MEL
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Fig. 9. Standard index of climate time-series and precipitation in coastal areas of eastern China (black: standard index of precipitation; green: standard index of
Nino3 SST index; blue: standard index of SIOD index).
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Table 2

The correlation coefficient between the antecedent precipitation and each
subsequent climate time-series index (all values passed the significance test at
the level of 95%).

Index lead month Ninol + 2 Nino3 SIOD
2 0.6096 0.6768 -

3 0.7835 0.6409 0.4526
4 - - 0.5609

and north of the PS, the temperature increases from May to August, and
drops from September to February. All of the four seasons' SSTs have
been rising during the past 38 years there, of which the summer SST has
the most significant upward trend. The results of the spectral analysis
show that the time series of precipitation over the eastern China and the
MEI have the similar cycles about 3 and 5 years, which can also indicate
the correlation between the precipitation and the ENSO events.

We have shown that observed monthly mean rainfall and three SST
indices are positively correlated, especially when the Nifio 1 + 2 SST
index leads precipitation by three months. Moreover, the Nifio 3 and
the SIOD index are also related to the previous precipitation.
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