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Abstract Based on daily precipitation data from 109 stations in the Yangtze River Basin (YRB) over the past 36 years (1980—2015),
the Empirical Orthogonal Function (EOF) is employed to analyze changes in autumn precipitation. We used the monthly mean re-
analysis datasets of atmospheric circulation and sea surface temperature (SST) to investigate the possible causes of the two leading
modes, based on which the predictive equations were constructed and tested. The results of the EOF analysis show that the variance
contribution of the first mode is 31.07%, and the spatial distribution shows a uniform variation over the whole region. The variance
contribution of the second mode is 15.02%, and the spatial distribution displays a north-south dipole pattern in the YRB. The leading
mode shows a dominant interannual variation, which is mainly due to the West Pacific subtropical high and anticyclones over the
Philippine islands. The SST field corresponds to the positive phase of the eastern Pacific El Nifio and the tropical Indian Ocean di-
pole. The second mode may be related to the Indian Ocean-East Asian teleconnection and early withdrawal of the summer monsoon.
The SST field corresponds to a weaker central Pacific El Nifio. Through a stepwise regression analysis, SST anomalies in some areas

during summer show a good predictive effect on the autumn precipitation mode in the YRB region.
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1 Introduction

The Yangtze River Basin (YRB) is among the most den-
sely populated and agriculturally developed regions in
China. Precipitation has an essential impact on agricultural
production in this area. In recent decades, many works
have focused on summer precipitation in China. The re-
sults show that summer precipitation in the YRB has a
quasi-biennial oscillation characteristic. This periodic os-
cillation is closely related to the water vapor flux over East
Asia and the quasi-biennial oscillation in tropical western
Pacific sea surface temperatures (SSTs) (Xu and Jian,
2005; Huang et al., 2006; Wang and Feng 2011; Li ef al,
2019). In contrast to summer, the intraseasonal oscillation
during late summer or early autumn is mainly related to a
tropical cyclone-like forcing from the tropics (Liu ef al.,
2020). Autumn rainfall in the YRB region, accounting for
more than 15% of the annual precipitation, is also crucial
to agricultural production (He, 1984). Thus, the autumn
rainfall needs to be investigated, as autumn is the transi-
tional season from the East Asian summer monsoon to the
winter monsoon. Both the subtropical high and the East
Asian trough may have simultaneous impacts on rainfall
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(Shen, 2001; Bai and Dong, 2004; Jia et al., 2008). Some
studies have also shown that the El Nifio seasonal oscilla-
tion (ENSO) is an important external forcing factor affect-
ing the autumn precipitation (Chen and Shi, 2006). Addi-
tionally, the Indian Ocean dipole (IOD) and the SST anom-
aly in the western North Pacific may also have a signifi-
cant impact on the autumn precipitation in China (Liu and
Yuan, 2006). On the other hand, autumn occurs during a
critical stage of agricultural production, and droughts and
floods in autumn may cause considerable losses to agri-
cultural production. Therefore, studying the main influ-
encing factors of autumn precipitation in the YRB region
is of great scientific significance for improving the fore-
casting level and reducing the occurrence of disasters in
China.

This paper investigates the interannual variability in au-
tumn rainfall over the YRB region. The predictive modes
of autumn precipitation in the YRB region and their varia-
tions and physical mechanism are analyzed. A prediction
equation is constructed to improve precipitation predic-
tion accuracy.

The sections of this paper are arranged as follows: the
second part introduces the data used in this paper, the
third part presents the two leading modes of precipitation
in the area, the fourth part attempts to forecast the main
modes, and the fifth part presents the summary and dis-
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cussion.

2 Datasets

We used the ERA-5 reanalysis data released by the Eu-
ropean Center for Medium-Range Weather Forecasts. The
variables include potential height, vertical velocity, air tem-
perature, wind field, relative humidity, and SST, with a
spatial resolution of 0.5°%0.5°.

The daily precipitation data is selected from 109 mete-
orological stations over the YRB region (24°-34°N, 105°-
122°E) covering the 1980—2015 period, and this data is
provided by the China Meteorological Administration.

3 Leading Modes of Precipitation
over the YRB

To obtain the characteristics of the interannual variation
in autumnal precipitation in the YRB region, we employed
EOF analysis to the autumn precipitation of 109 stations
in the area and analyzed the two leading modes. The vari-
ance contribution rate of the first mode was 31.07% and
that of the second mode was 15.02%. According to the
criteria of North ef al. (1982), these two modes are inde-
pendent of other modes.

3.1 First Mode

The spatial function distribution of the first mode shows
the uniform pattern over the whole region. The maximum
value center is located in the eastern part of Hunan and
the western part of Jiangxi.

The time series of EOF1 (PC1) shows that the interan-
nual variations dominate the change in the first mode.
Since 1980, PC1 shows a period of 2—4yr (Fig.1c), which
is equal to the high frequency part of ENSO. The linear
trend curve shows that PC1 has experienced a slight down-
ward trend since 1980, which is not statistically significant.
The trend shows that during this period, the precipitation in
the YRB region has an overall decreasing trend. Anthro-
pogenic aerosol emissions are one of the potential reasons
for this downward trend (Reis et al., 2009), but whether
there are other reasons requires further research. PC1 did
not show significant interdecadal variation or long-term
trends, which is different from the changes in summer
precipitation (Wei, 2006).

3.2 Second Mode

The spatial distribution of the second mode (Fig.2a)
shows a north-south dipole pattern. The positive center is
located in the southern part of the Yangtze River, and the
negative center is located in the north.

The time series PC2 (Fig.2b) shows that the second
mode is also dominated by interannual variations. PC2
shows an upward trend from 1980 to present, which further
led to an increase in the north-south difference in precipi-
tation in the region, i.e., the precipitation in the south was
abnormally high, and the precipitation in the north was
decreasing. The wavelet power spectrum of PC2 (Fig.2c)
shows that the significant period of PC2 is approximately
2—6yr, and that the interannual variation weakened after
2000. The decadal variation is not significant during this
period.
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Fig.1 (a) First leading EOF mode, (b) first PC (principal component) of autumn precipitation (unit: mm), and (c) wavelet
power spectrum of the first PC (the thin black curve indicates the cone of influence where the edge effect might distort the
result, and the broken black line curve indicates 95% confidence level).
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Fig.2 (a) Spatial pattern of the second leading EOF mode, (b) time series of the second EOF mode, and (c) wavelet power
spectrum of the second PC (the thin black curve indicates the cone of influence where the edge effect might distort the re-
sult, and the broken black curve indicates 95% confidence level).

4 Mechanisms in Leading Modes

The previous analysis shows that the two leading modes
of autumn precipitation in the YRB region have different
characteristics. In this section, we discuss the physical
mechanisms of the two leading modes from relative hu-
midity, the ascending motion anomaly, the atmospheric
circulation anomaly, and large-scale SST anomalies.

4.1 First Mode

As shown in Fig.3a, the regression file of relative hu-
midity at 850hPa to PC1 shows a positive center over YRB,
which is consistent with the spatial pattern of the precipi-
tation anomaly. The result implies that the positive rain-
fall in the first mode is mainly due to sufficient water va-
por.

The regression file of the 500hPa geopotential height
for PC1 shows positive values over the tropical region,
and the northern part of the Philippines shows apparent
positive anomalies. Negative centers occur over mid-lati-
tudes (Fig.3b).

The composite of the geopotential height field implies
that the subtropical high is stronger during positive PC1
years. As shown in Fig.3c, the position of the West Pa-
cific subtropical high extends to the west significantly,
which indicates that the subtropical high is abnormally
strong in a positive PC1 year. Thus, there may be anoma-
lous southwesterly winds northwest of the enhanced sub-
tropical high.

In the regression field of the 850hPa wind to PCI, there

are significant anomalous winds, mainly in three areas
(Fig.4a). The central equatorial Pacific has a considerable
anomalous westerly wind, corresponding to the SST anom-
aly distribution of the El Nifio pattern. There is an abnor-
mal easterly wind over the equatorial Indian Ocean, which
corresponds to the SST distribution of the positive phase
of the IOD (Drbohlav et al., 2007; Xie and Hu, 2008) in
the tropical Indian Ocean (Fig.4b). There is an abnormal
anticyclonic circulation center in the Bay of Bengal. After
crossing the Indochina Peninsula, the westerly flow to the
northeast of the center changes to a southwest flow and
enters the southwestern area of China. The circulation
merges with the southwest flow in the western part of the
Philippine abnormal anticyclonic circulation (Wang et al.,
2000) and forms a large-scale southwest flow in southern
China (He et al., 2015). Therefore, the positive anomaly
of water vapor flux mentioned above is formed in South
China. At the same time, the YRB region is located on the
left side of the low-level southwest wind. There is sig-
nificant convergence and positive vorticity in the area with
sufficient water vapor, forming a positive precipitation
anomaly.

4.2 Second Mode

In the 850hPa relative humidity field (Fig.5a), there is an
apparent negative value region in central and eastern China.
According to the 200 hPa geopotential height (Fig.5b),
there is a significant positive anomaly center over Baikal
Lake. East and central China are located on the southeast
side of the positive center of anomalous geopotential height,
which is easily affected by the northerly wind induced by
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high pressure, meaning that during the positive phase of
PC2, most of the eastern part of China is affected by the
stronger north wind (Guo et al., 2019). As shown in Fig.
Sc, there is a significant anomalous northerly wind in the
eastern part of China in the positive years of PC2. To the
north of 28°N, there are positive vorticity anomalies and
negative divergence anomalies at high levels. At the same
time, there are negative vorticity anomalies and positive
divergence anomalies at low levels, as well as abnormal
subduction, which means that the convection in this area
is weakened. Therefore, precipitation corresponds to a
negative value (Fig.2). However, south of 28°N, there is
an abnormal increase in precipitation in the positive PC2

30°N

years. This result implies that the second mode is related
to the influence of the cold air system on the YRB region.

At the same time, we also found that there is a weak
warm pool-East Asia (WP-EA) teleconnection wave train
(Zheng et al., 2013) in the 200 hPa geopotential height
field. Furthermore, positive and negative vorticity centers
from the South China Sea to the north of Japan can be
seen at 200hPa. There is an anomalous positive vorticity
center and cyclonic circulation over the north side of the
YRB at 200 hPa, which is not conducive to the generation
of convective precipitation, so the north side of the YRB
shows a negative precipitation anomaly during positive
PC2 years.
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Fig.3 Regressions of (a) 850hPa relative humidity field and (b) 500hPa geopotential height anomaly field to PC1 (black
dots indicate significant regions at 90% confidence level); (c) 500 hPa geopotential height in positive PC1 years (red lines),
negative PC1 years (green lines), and climatology mean (black lines).
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Fig.4 (a) Regression of wind (ms ') and divergence (x10°) at 850hPa (vectors are drawn if winds are significant at 90% or
better); (b) correlation coefficients between the SST anomaly and PC1 (black dots indicate significant regions at 90% confi-

dence level).
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Fig.5 Regressions of (a) 850 hPa relative humidity field and (b) 500 hPa potential height anomaly field for PC2 (black dots
indicate significant regions at 90% confidence level); (c) regressions of vorticity (contour), divergence (shading), and wind

(the vertical wind was multiplied by 100) for PC2.

From the correlation field between SST and PC2, the
second mode corresponds to the central Pacific El Nifio
(Fig.6¢c). The intensity of the central Pacific El Nifio is
weaker than that of the eastern Pacific El Nifio. The ano-
malous anticyclone in the Philippine Sea area is weaker,
so the anomalous circulation affects only the southeastern
part of China. This is also one of the reasons for the north-
south dipole pattern shown in the second mode.

In conclusion, the second mode of precipitation is re-
lated to both the cold air from the north and the tropical
SST anomaly.

5 Prediction of the Two Leading Modes

Through the previous analysis, it is found that the domi-
nant influencing factors of the first mode are the tropical
SST anomalies. The dominant influencing factor of the
second mode is not only the tropical SST anomalies but
also the cold air activities in the north. Therefore, in this
section, we will use the large-scale environmental vari-
ables to explore the prediction equations of the precipita-
tion modes.

5.1 First Mode

The main factors affecting the first mode of precipita-
tion in the YRB region are the eastern Pacific ENSO and
IOD. These two large-scale SST anomalies occur in the

early summer. From the correlation coefficient distribu-
tion of PC1 and summer SST, we can see that PC1 has a
good correlation with the SST anomaly of the eastern
equatorial Pacific (100°—120°W, 5°S—5°N) in summer
because the development of ENSO lasts from summer to
winter (Fig.7a). Therefore, the SST in the eastern equato-
rial Pacific can be used as one of the predictors of PCI1.
At the same time, because the eastern Pacific ENSO is
growing continuously in its development stage and ex-
tending from east to west, the growth of the central Pa-
cific SSTA can be used as the second predictive factor
(Fig.7b).

In addition, TIO also causes the first mode of precipita-
tion in the YRB area. The development of I0OD can also
be found in the summer SST. As shown in Fig.7b, the cor-
relation between the SST anomaly tendency from July to
August and PC1 shows that there will be significant warm-
ing in the Northwest Indian Ocean, i.e., the west pole of
the I0D. Therefore, the increase in the SST anomaly in
the western tropical Indian Ocean is regarded as the third
predictive factor.

We use three predictors to obtain the regression equa-
tion as follows:

P1=0.59xR1-0.11xR2+0.32xR3 .
R1 is defined as the regional averaged SST anomaly in

JJA over the region (140°—100°W, 5°S-5°N). R2 is de-
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fined as the averaged SST tendency from July to August  Based on the effect of the regression (Fig.7c), the step-
over the region (170°—140°W, 5°S-5°N). R3 is defined as  wise regression sequence can better reflect the interannual
the averaged SST tendency from July to August over the  change trend in the precipitation field, and the correlation

region (50°-65°E, 0°—20°N). coefficient between the predictive function and PC1 is
The three indexes passed the stepwise regression test.  0.65.
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5.2 Second Mode

The second mode of precipitation in the YRB area is not
only related to the central Pacific ENSO but also to the
influence of cold air in the region. Therefore, the forecast
factors should consider both changes in the tropical SST
and changes in the atmospheric circulation over middle
and high latitudes.

Fig.8a shows the correlation between the SST anoma-
lies and PC2 in the early stage of ENSO development in
summer. In addition, during the development of ENSO,
the SST in the western Pacific Ocean is further cooling,
which can also be used as one of the predictive factors of
PC2 (Fig.8b). At the same time, the 500 hPa atmospheric
potential height anomaly affecting PC2 also appears in
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summer (Fig.8c), although the location shifts to easterly.
Therefore, the predictive equation of PC2 can be con-
structed using the following three factors:

P2=0.34xR4-0.27xR5+0.35xR6 .

R4 is defined as the regional averaged SST anomaly in
JJA over the region (170°-150°W, 15°S—10°N). RS is de-
fined as the averaged SST tendency from July to August
over the region (160°E—180°, 10°S—10°N). R6 is defined
as the averaged geopotential height at 500hPa in JJA over
the region (90°-115°E, 36°S—-50°N).

As shown in Fig.8d, the regression function can reflect
the interannual variation in PC2, and the correlation coef-
ficient between them is 0.60, which exceed the 99% con-
fidence level.
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Fig.8 Correlation coefficients between PC2 and (a) JJA SST, (b) SST difference from July to August, and (c) geopotential
height at S00hPa. Red boxes indicate the regions where R4, R5, and R6 are generated. Black dots indicate significant re-
gions at 90% confidence level. (d) PC2 (black line) and the prediction function P2 (green line).

6 Discussion and Summary

Based on the precipitation data from 109 stations and
reanalysis data, this paper studies the characteristics of
autumn precipitation in the YRB region. We then investi-
gated the possible causes of the interannual variation.
Combined with the results of the correlation and regres-
sion analyses of related large-scale factors, the forecast of
the two leading modes is realized by constructing regres-
sion equations.

The interannual variation in the first mode is mainly due
to the enhancement of the Philippine anticyclone caused
by the eastern Pacific El Nifio and TIO. The interannual
variation in the second mode may be affected by the early
withdrawal of the summer monsoon system and the in-
fluence of cold air in the north. The variation may also be

affected by the central Pacific El Nifio. The first mode
can be predicted by using the SST signals of ENSO and
TIO in summer. The prediction of the second mode re-
quires the simultaneous consideration of the influence of
the central Pacific SST anomaly and mid-latitude atmos-
pheric circulation.

In this paper, the physical mechanism of the two lead-
ing modes of precipitation is analyzed by regression analy-
sis in the same period of autumn. The two leading modes
are then predicted by the SST and atmospheric circulation
anomalies. However, for the second EOF mode, the pre-
diction skill is superior prior to 2004, and deteriorates
after 2005. The lower prediction skill after 2005 is in-
duced by the smaller amplitude of PC2 during these years.
When we use the correlation or regression analysis to
determine the key large-scale environmental factors, the
results have been dominated by the larger amplitude pe-
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riod before 2005 through their larger variance. The vari-
ance in prediction error does not grow after 2005, imply-
ing that the predictors are still effective after 2005. In
addition, the variance contributions of these two modes
combined accounts for approximately 50% of the total
amount, and the analysis of other modes requires further
discussion.
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