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Abstract

In the winter of 2018/19, the lower reach of the Yangtze River (LRYR) of China
experienced an excessive amount of precipitation with a long duration. Such an
extreme event occurred in the mature phase of an El Nifio under the background of
global warming, and thus, attracted great attention in the society and climate
community. Presumably, this extreme event was driven by the El Nifio.

In this work, based on observational diagnoses and real-time model forecasts, we
investigate the contributions of oceanic forcing and the predictability of this event. It
is argued that tropical Atlantic warming, interdecadal variation, and central tropical
Pacific warming (associated with central Pacific instead of eastern Pacific El Nifio)
are three major factors leading to the extreme event. In addition to the recognized
impact from sea surface temperature anomalies (SSTAS) associated with central
Pacific El Nifio, tropical Atlantic warming makes an important contribution to the
Atlantic-Eurasian circulation change through a global zonal wave pattern extending
from the tropical Atlantic to East Asia. Moreover, a climate model successfully
predicted the wet pattern in LRYR in short (1-5 month) lead real-time predictions, and
captured the observed statistical relationship between the winter precipitation in
LRYR and the SSTA in the central tropical Pacific and equatorial Atlantic Oceans.

These results indicate that such an event is predictable to some extent.
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1. Introduction

Southern China (SC, the blue rectangle in Fig.1la) is a region of a large
population and constitutes a large economic zone. In this region, the precipitation
exhibits a large interannual variability not only in summer but also in winter, and the
precipitation-related climate extreme events can result in a huge social and economic
damage. In winter 2018/19, SC experienced exceptionally excessive and sustained
precipitation anomaly, with the maximum center in the lower reach of the Yangtze
River (LRYR, the red rectangle of Fig. 1a). The precipitation in most areas of LRYR
was greater than two standard deviations and the precipitation days even exceeded
three standard deviations, setting a record of the largest precipitation amount and the
longest duration since 1951 (Figs. 1, 2). This extremely wet winter event had a great
impact on transportation, agriculture, and people’s life in SC.

Persistent drought and flood are usually the results of some persistent
atmospheric circulation anomalies (Tao et al., 1962; Zhang et al., 2008) that, in turn,
may be related to external forcings, such as sea surface temperature (SST), snow
cover, etc. Because of the wide area and large heat capacity, the state of ocean is
especially valued by meteorologists (e.g., Zhang et al., 1996; Wang et al., 2000;
Zhang and Sumi, 2002; Xie et al., 2009; Liu et al., 2012; 2013, 2014; Wang and Chen,
2014; Xu et al.,, 2019, Hu et al. 2020). Previous studies indicated that the El
Nifo-Southern Oscillation (ENSO) is one of the most important factors to the
precipitation variability in SC (Lau and Nath, 2003; Wu et al., 2003; Chang et al.,

2004; He and Wang, 2013). Winter (December-January-February, DJF) precipitation
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in SC tends to be above normal during the mature phase of an El Nifio event (Zhang
et al., 1999; Zhang and Sumi, 2002; Wu et al., 2003; Yuan et al., 2014). However,
different flavors of ElI Nifio may have different impacts on the precipitation anomaly
in SC (Feng et al., 2010; Feng and Li, 2011; Hu et al., 2012; Yuan and Yang, 2012; Xu
et al.,, 2019). It was suggested that the precipitation anomaly in SC is statistically
larger during the mature phase of eastern Pacific (EP) El Nifio than that of central
Pacific (CP) El Nifio. Geographically, compared with EP EIl Nifio, the maximum wet
center shifts northward from the southeast coast of SC to LRYR (Fig. 1a) in CP El
Nifio (Su et al., 2013). The different precipitation distributions over SC in EP and CP
El Nifio are attributed to the differences in anomalous Walker circulation and
low-level anticyclone around the Philippines. Both the Philippine anticyclone and the
descending branch center of the Walker circulation over the western North Pacific
occupy a smaller domain and are located more northward during CP El Nifio than
during EP EI Nifio (Feng et al., 2010).

In addition to the effects of ENSO, the winter precipitation anomalies in SC
may be affected by other external forcing factors, such as the SST anomalies (SSTAS)
in the tropical western Indian Ocean (Liu et al., 2010), in the North Atlantic Ocean (Li
et al., 2007; Fu et al., 2008; Han et al., 2011), in the Kuroshio Sea (Zong et al., 2008;
Liu et al., 2010), as well as convective activities in the equatorial central and western
Pacific Ocean (Nitta and Hu, 1996; Guo et al., 1998). These external forcings affect
the precipitation anomalies in SC through modifying the geopotential height and wind

fields in the upper and lower troposphere over the Asian region (Zhang et al., 2008;
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Liu et al., 2013). On the other hand, both the winter precipitation and its interannual
variability in SC have experienced significant interdecadal change during the end of
the 1980s (Zhang et al., 2008; Qian, 2013; Zhang et al., 2018), which may also
contribute to the extremely wet winter event in 2018/19.

Co-occurrence with the extremely wet winter event in LRYR, the SST
warming was observed in the equatorial central and eastern Pacific, forming an El
Nifio event in winter 2018/19. A question is whether this extremely wet winter event
in LRYR was driven by canonical ENSO? Meanwhile, the observed SST in the
tropical Indian Ocean and the equatorial Atlantic Ocean was also abnormally high,
with the highest equatorial Atlantic Nifio SST index (ATL3, Zebiak, 1993) since 1951.
Are there contributions of SSTAs in the tropical Indian and Atlantic Oceans to the
extremely wet winter in LRYR as well? As for the impact of the equatorial Atlantic
Ocean, previous studies suggest that the tropical Atlantic Ocean plays an important
role in the climate variability in the Atlantic European sector in boreal winter based on
observations (e.g., Czaja and Frankignoul, 2002) and model studies (e.g., Drevillon et
al., 2003, Mathieu et al., 2004). These previous studies, however, did not deal with the
impact of equatorial Atlantic SSTA on winter climatic anomalies in East Asia.

The purpose of this study is to investigate possible factors leading to the
extremely wet winter of 2018/19 in LRYR and its predictability. We focus on the
following two objectives: (1) What are the roles of ENSO and the Indian and Atlantic
Oceans and the contribution of interdecadal variation of precipitation? (2) What is the

predictability of this event and what fraction is predictable? The remainder of the
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paper is organized as follows. Section 2 provides a description of the datasets and
models used in this study. The characteristics, possible factors, and predictability of
the extreme event are addressed in sections 3 and 4. Section 5 is a summary and

discussion.

2. Data, SSTA indices, and models

The main datasets utilized in this work include precipitation from 700
representative stations in China from Jan 1951 to Feb 2019 provided by the China
Meteorological Administration, NOAA's PRECipitation REConstruction Dataset
(Chen et al., 2002), and the US National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
products (Kalnay et al., 1996), including monthly mean 200 hPa geopotential height
(Z200) and stream function (S200). Monthly mean SST on a 2°x 2° resolution is
extracted from the National Oceanic and Atmospheric Administration Extended
Reconstructed SST, version 5 (ERSSTv5; Huang et al., 2017). The present study
focuses on the winter (DJF) season covering the 1951/52-2018/19 period. Anomalies
of all variables are defined as the deviations from the climatological mean of DJF for
the period 1981/82-2010/11. Linear correlation and regression are used in this study.
The statistical significance of the correlation is estimated using the two-tailed
Student’s t-test. For the winters of 1951/52-2018/19, the correlation coefficients at the
confidence levels of 90%, 95%, and 99% are 0.20, 0.24 and 0.31, respectively.

To measure the tropical SSTA variations and their association with the
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atmosphere, different SSTA indices are selected in this work. In addition to the

Nifo3.4 index, Cold Tongue (CT) and Warm Pool (WP) (Kug et al., 2009; Ren and

Jin, 2011) and Modoki (Ashok et al., 2007) indices are used to represent different

flavors of ENSO. There are two main SSTA patterns in the tropical Indian Ocean: the

Indian Ocean dipole mode (IOD, Saji et al., 1999) and the Indian Ocean basin mode

(10BM, Chambers et al., 1999). The equatorial Atlantic Nifio (ATL3, Zebiak, 1993)

and tropical North Atlantic (TNA, Enfield et al., 1999) indices are two indices to

represent the SSTA in the Atlantic Ocean. The linear trends of these SST indices have

been removed first when calculating the correlation and reconstruction of

precipitation anomaly in LRYR using these SST indices. The definitions of these

SSTA indices are as follows:

(1) Nifio3.4 = SSTA (5°S-5°N, 170°-120°W);

(2) CT = SSTANifi03 (5°S-5°N, 150°-90°W) - o*SSTANir0s (5°S-5°N, 160°E-150°W),

(3) WP = SSTANif04 (5°S-5°N, 160°E-150°W) - a*SSTANif03 (5°S-5°N, 150°-90°W),
(while SSTANi03*SSTANif04 >0, o = 0.4; otherwise, o = 0);

(4) Modoki = SSTA (10°S-10°N, 165°-140°W) — [SSTA (15°S-5°N, 110°-70°W) +
SSTA (10°S-20°N, 125°-145°E)]/2;

(5) I0BM = SSTA (20°S-20°N, 40°-110°E);

(6) 10D = SSTA (10°S-10°N, 50°-70°E) - SSTA (10°S-0°, 90°-110°E);

(7) ATL3 = SSTA (3°S-3°N, 20°W-0°);

(8) TNA = SSTA (5.5°-23.5°N, 57.5°-15°W).

Also, ensemble means of hindcasts and real-time predictions initiated from
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January 1982-December 2018 from the NCEP Climate Forecast System version 2
(CFSv2) are examined in this work to investigate the predictability of this event and
the statistical connection with SSTAs (Xue et al., 2013; Saha et al., 2014; Hu et al.,
2013; 2014; 2017). The ensemble means of the real-time predictions include 40
members within the last 10 days of each month and four forecasts per day, out to 9

months.

3. Wet Winter of 2018/19 in LRYR and Associated Atmospheric and

Oceanic Anomalies

Climatologically, precipitation amount in winter generally decreases from south
to north over China, and SC has the most abundant precipitation, with the climate
mean of 100-280 mm in DJF (Figure not shown). In winter 2018/19, precipitation in
DJF was 100-200 mm above the climate mean in most areas of LRYR, greater than
two standard deviations (Fig. 1a). Furthermore, the number of precipitation days was
generally 30-60 days in most of the LRYR region, about 15 days more than the
climate mean, exceeding three standard deviations (Fig. 1b). The wet winter of
2018/19 in LRYR was characterized as the largest precipitation and the longest
duration since 1951/52 winter (Fig. 2). On the other hand, the excessive precipitation
did not occur in the entire SC, and there were deficit precipitation and less number of
precipitation days than normal in the southeastern coast of SC.

The contemporary upper-level atmospheric circulation anomalies in DJF 2018/19

are shown in Fig. 3. Globally, there is a zonal wave train in the subtropical and
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mid-latitudes from the North Atlantic to East Asia (Fig. 3a). Locally, an anomalous
anticyclone is present over the South China Sea (SCS)-eastern coast of China, and an
anomalous cyclone lies to its western side. As low-frequency height anomalies in
extratropics are of barotropic vertical structure (Wallace and Blackmon, 1983), the
local circulation anomalies are accompanied by strong southerly surface wind
anomalies over East China, which brought abundant water vapor and excessive
precipitation over LRYR in winter 2018/19 (Fig. 1).

For the ocean conditions, SSTs were above normal across the central and eastern
equatorial Pacific during DJF 2018/19 (Fig. 3a). The Nifi03.4, CT, WP, and Modoki
indices are 0.79, 0.35, 0.64 and 0.44 in DJF 2018/19, respectively. According to the
definition of Ren and Jin (2011), this 2018/19 ENSO event is a CP or CP/EP mixed
type El Nifio as the WP index is larger than the CT index. Tropical SST anomalies are
usually expected to be a forcing for the global atmosphere, and such a large amplitude
of extra-tropical height anomalies (Fig. 3a), if indeed a forced response to SSTs,
usually only be expected during a strong El Nino winter (Kumar and Hoerling, 1997).
And thus, in addition to the weak El Nifio evernt in winter 2018/19, other factors may
also contribute to the extreme event in SC.

It is noted that that the positive SSTA is present in the equatorial Atlantic Ocean
and there is slightly below-normal SST to the north (Fig. 3a). The ATL3 and TNA
indices are 0.65 and -0.02 in DJF 2018/19, respectively. Especially, the ATL3 index is
the strongest since 1951 (Fig. 2). Meanwhile, positive SSTA is present in the entire

basin of the tropical Indian Ocean with SSTA larger in the west than in the east (Fig.
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3a). Both the IOBM and 10D indices are positive, with the values of 0.38 and 0.18 in
DJF 2018/19, respectively.

The effect of tropical SST forcing can be better assessed by examing the
heating-circulation pattern relationship in the tropics (Peng et al., 2018; 2019). Figure
3b presents the DJF S200 and Precipitation anomalies. The reason for using S200
instead of Z200 is that it better depicts atmosphere circulation and waves in the
tropics (as the geostropical relationship between wind and height is not well defined
over low latitudes). The precipitation anomalies (latent heating) in the tropical Pacific
have a positive-negative dipole structure, with positive anomaly (heating) centered
near the Dateline and the negative anomaly (cooling) in the eastern Pacific. Similarly,
the positive precipitation anomaly (heating) is seen in the equatorial western Atlantic
Ocean. Such distributions of precipitation anomaly are consistent with SST
anomalies.

According to previous studies of circulation response to tropical forcing (Gill,
1980; Sardeshumkh and Hoskins, 1988; Hoerling et al., 1992; Ting and Hoerlingng,
1993; Alexander et al., 2002), the upper-tropospheric response to equatorial heating
has its strongest signal in the tropics (when stream function is used to represent
atmospheric circulations), which appears as twin anticyclones (cyclone) symmetrical
with respect to the equator and centered at around 15 degrees North and South
respectively, and straddling the heating (cooling) pattern (e.g., Fig. 4 in Alexander et
al., 2002 ). This kind of tropical heating-circulation response pattern is apparent in

both the tropical central Pacific and Atlantic Oceans. Thus, the warming in the
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tropical central Pacific and tropical Atlantic Oceans may be potential contributors to
the winter extreme in LRYR in 2018/19.

Figure 3b also shows the wave activity flux (WAF) vectors. It is a useful
diagnostic tool for examining the energy dispersion characteristics associated with a
Rossby wave train (Plumb 1985; Takaya and Nakamura, 2001; Wu et al., 2003; Tam
and Li, 2006). It is noted that the globally zonal wave train in the subtropical and
mid-latitudes originates from the tropical Atlantic Ocean and propagates northward to
southwestern coast of Europe, and then turned southeastward to the Arabian Peninsula,
and arriving via Tibet Plateau to eastern coast of China where it bifurcated, with one
branch turning to the south and ending at the tropical central Pacific, and the other
branch continuing to go eastward and reaching western North America, where it
further turned southeastward and finally diminished over northern tropical Atlantic. It
indicates the contribution of the equatorial Atlantic warming to the globally zonal
wave train genesis. Thus, SSTAs in tropical regions are potential factors leading to

precipitation anomaly in LRYR in winter 2018/19.

4. Predictability of the extremely wet winter in LRYR
4.1 Correlation with different SSTA indices

The extremely wet winter in LRYR in 2018/19 occurred in the mature phase of a
weak El Nifio event. Previous works have indicated that SC tends to experience a
weaker-than-normal East Asian winter monsoon and an overall wetter condition in

winter during the mature phase of El Nifio year (Wu et al., 2003; Yuan and Yang, 2012;

13

This article is protected by copyright. All rights reserved.



Yuan et al., 2014). To further check the contributions of ENSO and tropical SSTAs in
other oceans, and the predictability of this event, the statistical relations between
various tropical SSTA indices and winter precipitation from 1951/52 to 2018/19 are
examined first (Table 1, Fig. 4).

According to the correlation coefficients between the time series of precipitation
anomaly averaged inLRYR and various tropical SSTA indices, the winter precipitation
anomaly in LRYR may be related to ENSO, the Indian Ocean basin mode, and the
equatorial Atlantic Nifio (Table 1). In the spatial correlation distributions (Fig. 4),
however, both the Nifio3.4 and CT indices have a significantly positive correlation
with the winter precipitation in SC, with the maximum correlation center located on
the southeastern coast of China instead of LRYR (Fig. 4a, b), with significantly
correlated of these two indices (Table 1). This is consistent with previous studies,
indicative of the typical influence of EP ENSO (Wu et al., 2003; Yuan and Yang,
2012). Also, the correlation of IOBM with the winter precipitation is similar to that of
Nifio3.4 and CT with positive correlations in the entire SC region (Fig. 4e), which is
different from the spatial distribution of precipitation anomaly in winter 2018/19 (Fig.
1). Neither 10D nor TNA has a significant correlation with the precipitation in LRYR
(Fig. 4f, h). Thus, SSTAs in the eastern tropical Pacific, Indian and tropical North
Atlantic Oceans are not the major factors leading to the extremely wet winter in
LRYR in 2018/19.

Unlike the spatial correlation with the Nifio3.4 and CT indices (Fig. 4a, b),

significant correlation regions with both the WP and Modoki indices are mainly
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located in the middle and lower reaches of the Yangtze River (Fig. 4c, d),
geographically similar to the observed precipitation anomaly pattern in DJF 2018/19
(Fig. 1). Su et al. (2013) found similar results about the different impacts of two types
of El Nifio on the winter precipitation through composite analysis and model
simulation. The high similarity between Fig. 4c and 4d is due to the high correlation
between the two indices though the correlation of the WP index is more similar to the
spataial distribution of observation than that of EI Nifio Modoki. Interestingly and
notably, the spatial pattern of the correlation with ATL3 (Fig. 4g) is also similar to the
observed precipitation anomaly pattern in DJF 2018/19 (Fig. 1). Moreover, the ATL3
index has no significant simultaneous correlations with any ENSO-related indices
used in this work (Table 1). Therefore, based on the comparison of the correlation
pattern with the observed winter precipitation anomaly in 2018/19, it confirms that the
warming in the tropical central Pacific and tropical Atlantic Oceans may be potential
contributors to the winter extreme in LRYR in 2018/19, although the correlation

coefficients of the two factors are not the most significant (Table 1).

4.2 Reconstruction of the winter precipitation of 2018/19

To further quantify the contributions of warming in the tropical central Pacific
and equatorial Atlantic Oceans to the winter extreme in 2018/19, we use the linear
regression method to reconstruct the winter precipitation anomaly in LRYR in DJF
2018/19. Firstly, the winter precipitation anomalies at each station are regressed onto

the de-trended WP and ATL3 indices. Then, the linear regression coefficients are
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multiplied by corresponding values of each of the two indices in DJF 2018/19 to
reconstruct precipitation anomalies in winter 2018/19. The observed distribution of
excessive precipitation in LRYR and deficit precipitation in the coastal areas of SC
are well reproduced by either the WP or ATL3 (Fig. 5a, b). Nevertheless, the
reconstructed precipitation anomaly based on either WP or ATL3 is only about 1/4 of
the observed precipitation anomaly in DJF 2018/19, implying that other factors
contribute to the precipitation anomaly in LRYR in DJF 2018/109.

Interdecadal variation is another contributor to the precipitation anomaly in
LRYR in DJF 2018/19. According to the moving t-test result of precipitation time
series, there is an indication that the winter 1988/89 is a significant interdecadal
turning point (Fig. 6), and the winter precipitation in LRYR has increased since the
end of the 1980s. It is consistent with previous studies (Zhang et al., 2008; Qian, 2013;
Zhang et al., 2018). Zhang et al. (2008) used a longer time series (1880~2008) to
analyze the characteristics of precipitation anomaly in SC and found that the end of
the 1980s is one of the interdecadal turning points, with no obvious long-term trend.
Zhou et al. (2010, 2011) indicated that the strength of East Asian winter monsoon
(EAWM) has a significant effect on the winter precipitation anomaly in SC, i.e., the
stronger EAWM tends to lead to less precipitation and the weaker EAWM tends to
lead to more precipitation. Both the interdecadal variation of the East Asian monsoon
circulation itself (Wang, 2001; Kimoto, 2005; Shi et al., 2007; Liu et al., 2013) and
the interdecadal variation of the relationship between the EAWM and ENSO (Yuan et

al., 2014; Zhang et al. 2018) jointly led to the obvious difference of winter
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precipitation in SC at the end of 1980s.

The winter precipitation in LRYR (Fig. 2) is a deficit in 1951/52-1988/89,
with an average value of 180 mm, and it is an abundance in 1989/90-2018/19, with an
average value of 218 mm. The difference between the two periods is 38 mm, which is
19% higher than the climatic mean of 200 mm. The spatial distribution (Fig. 5c)
shows that the winter precipitation in LRYR has distinctly increased during the last 30
years, with the maximum center in LRYR reaching 60 mm. The increment is
comparable to the precipitation anomaly reconstructed based on either WP or ATL3
(Fig. 5a, b).

Thus, from the statistical correlations and the reconstructions, it is concluded that
the SSTA in the central tropical Pacific Ocean associated with CP El Nifio,
contributed to the observed precipitation anomaly in LRYR in DJF 2018/19. And the
warming in the equatorial Atlantic Oceans and the interdecadal change are additional
key players leading to the winter wet extreme in LRYR in 2018/19 (Fig. 5d). Such

ocean forcing and long-term variation may imply predictability of this extreme event.

4.3Mechanisms of the warming in the central tropical Pacific and

equatorial Atlantic Oceans

There have been studies on the mechanism of ENSO's influence on winter
precipitation in SC. The response of SC precipitation to ENSO is usually attributed to
anomalous Walker circulation and the associated anomalous anticyclone-cyclone

around the Philippines (Wang et al., 2000, Chang et al., 2004). During CP El Nifio
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episodes, the Philippine Sea anomalous anticyclone and related anomalous
descending shift northwestward to SCS compared to EP El Nifio, with relatively weak
intensity (Fig. 7e), causing the northward shift of the positive precipitation anomaly
center from the southeast coast of SC to LRYR (Feng et al., 2010; Su et al., 2013; Xu
et al., 2019). That is consistent with the observed circulation anomalies and the spatial
distribution of precipitation anomalies in DJF 2018/19 (Figs.1, 3). However, the
observed anomalies in DJF 2018/19 have some differences compared with the
statistical relations indicated in the previous studies, such as the intensity of the
precipitation anomaly and the position of the Philippine Sea anticyclone anomaly. It
implies that only ENSO cannot fully explain the extremely wet winter in DJF 2018/19.
Remote influence of the equatorial Atlantic SSTA is an additional potential factor
affecting winter precipitation in the LRYR region.

What is the mechanism conveying the remote influences of the equatorial
Atlantic SSTA to LRYR region and affecting local precipitation? To investigate the
impact of the equatorial Atlantic warming on the precipitation in LRYR, Fig. 7
presents the composite fields in the typical anomalous ATL3 years similar to Fig. 3.
Taking one standard deviation of the de-trended ATL3 index as the criteria, seven
positive winters of 1981/82, 1987/88, 1997/1998, 2003/04, 2008/09, 2010 /11, and
2018/19 and five negative winters of 1991/92, 1996/97, 2001/02, 2011/12, and
2013/14 are selected to make the composite fields. The obtained composite fields
further confirm the possible influence of the tropical Atlantic warming (Fig. 7). There

are obvious positive SSTA in the equatorial Atlantic and relatively weak SSTA in
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other tropical Oceans (Fig. 7a). A zonal wave train from the tropical Atlantic to the
mid-latitudes of East Asia is captured to some extent in the upper troposphere though
there is a slight deviation in the position of anomalous centers compared with that in
winter 2018/19 (Fig. 3a). It is implied that anomalous warming in the tropical Atlantic
Ocean can generate anomalous circulation in the mid-latitude region and affects
precipitation anomaly over eastern China. Further, the composite tropical precipitation,
S200 and associated WAF in the anomalous ATL3 winters are investigated for the
connection of the zonal wave train pattern with the equatorial Atlantic warming (Fig.
7b). Distributions of precipitation and S200 anomalies are similar to those in winter
2018/19, and the wave activity fluxes from northern tropical Atlantic to East Asia
support the effect of ATL3 warming by the wave train.

Through the statistical analysis, it is noted that the extremely wet winter in DJF
2018/19 was due to not only the contribution of CP EIl Nifio, but also the contribution

of the equatorial Atlantic warming with different influence mechanisms.

4.4 CFSv2 real-time prediction

The statistical connections of SSTAs in the tropical Pacific and Atlantic
Oceans with winter climate variability in LRYR discussed in previous subsections
imply predictability that are supported by the evidence of relative high prediction skill
of CFSv2 (Fig. 8). From Fig. 8, it is noted that the highest prediction skill of winter
precipitation variability in the region is in the south of the middle and low reaches of

the Yangtze River. The skill is still moderate even in 5-6 month lead prediction (Fig.
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8c, d).

The predictability and possible connection of SSTAs with the extreme
precipitation event are further examined by the real-time forecasts of CFSv2 (Fig. 9).
A comparison of the predictions at different leading times shows that the
characteristics of the wet anomaly in LRYR in the winter of 2018/19 is well captured
in the short lead predictions. In the 1-month lead (Fig. 9a), both the pattern and
amplitude of the precipitation anomaly are well predicted. The maximum center in
LRYR exceeds 100 mm in winter. However, the predicted anomaly amplitude
declines significantly in the 3-month and 5-month lead prediction though a similar
anomaly pattern is predicted (Fig. 9b, c). For the 7-month lead (Fig. 9d), the predicted
anomalies are opposite to the observed ones. The decline of the prediction ability with
the lead-time increase is due to the accumulation of model biases and also associated
with the decrease of the ability in capturing the external forcing (SSTA) with
lead-time increase.

For the predicted DJF precipitation averaged in LRYR, it is seen that predicted
precipitation anomaly in DJF 2018/19 is about one standard deviation for 1-month
lead (Fig. 10a), about a half of standard deviation for 3- and 5-month lead (Fig. 10b,
c), and became negative for 7-month lead (Fig. 10d), consisting with the results
shown in Fig. 9. Such results suggest that although the predictions at a short lead time
(such as less than 5 months) are qualitively correct for the precipitation anomaly in
LRYR in DJF 2018/19, predicted precipitation anomaly amplitude is far blow the

observation. That implies a challenge for climate models in quantantively predicting a
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extreme event, such as DJF 2018/19.

Considering that the winter precipitation anomaly over LRYR is closely
related to the SSTA in the tropical Pacific and Atlantic Oceans according to the above
analysis, Figure 11 shows the predicted SSTA in winter at different leading times. As
the predicted precipitation, the observed SSTAs in the tropical oceans are well
captured in the short lead predictions (Fig. 3a). In the 1-month lead (Fig. 11a), the
positive SSTAs are well predicted in both the equatorial central and eastern Pacific
and tropical Atlantic Oceans. In the 3-month lead (Fig. 11b), the amplitude of
predicted SSTA becomes stronger in the eastern Pacific and weaker in the tropical
Atlantic, which corresponds to the weaker precipitation anomaly in the prediction (Fig.
9b). With the increase of lead time, the positive SSTA decreases obviously in both the
tropical Pacific and Atlantic Oceans, and the cold SSTA occurs in the equatorial
Atlantic in the 5-month and 7-month leads (Fig. 11c, d). It may imply that the
prediction ability of SST in the CFSv2 model is crucial for the predictability of
precipitation in East Asia.

Figure 12 shows the simultaneous correlations of the precipitation anomaly in
LRYR and SSTA corresponding to different lead times. There are significant
correlations between the winter precipitation over LRYR and the SST in both the
equatorial central and eastern Pacific and the equatorial Atlantic Oceans, which
further confirms the significant relationship between these two regional factors and
precipitation anomaly over LRYR in the observations (Fig. 3a). With the increase of

the lead time, the prediction skill overall drops, likely due to the accumulation of
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model biases and the decline of the ability in forecasting the SSTAs in the tropical
Pacific and Atlantic Oceans. Therefore, it is not surprising that the predicted
precipitation anomalies are opposite to the observed ones at the 7-month lead (Fig. 9d)
though the relationship between the winter precipitation in LRYR and SST has little
change with the increase of lead time (Fig. 11). Nevertheless, the skill does not
decrease linearly with lead-time increase in some regions. For example, in the tropical
central Pacific, the skill is higher for 7-month lead (Fig. 12d) than for 5-month lead
(Fig. 12c¢), and higher for 3-month lead (Fig. 12b) than for 1-month lead (Fig.12a). In
addition to feature of CFSv2, skill variation with lead time increase may be due to

smapling.

5. Summary and discussion

In the winter of 2018/19, the LRYR of China experienced an excessive
amount of precipitation with a long duration. Such an extreme event occurred during
the mature phase of an El Nifio event under the background of global warming, and
thus, attracted great attention in the society and climate community. It has been well
recognized that ENSO is a leading factor affecting the winter precipitation anomaly in
South China. Thus, the community assumed that this extreme event was driven by
ENSO (e.g. Guo et al., 2019). In this work, we investigate possible reasons and
predictability of the extremely wet winter of 2018/19 in LRYR, in particular, the roles
of the warming in the central tropical Pacific and equatorial Atlantic Oceans.

Our results show that in addition to the warming in the central tropical Pacific
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associated with CP El Nifo instead of EP El Nifio, the warming in the equatorial
Atlantic Ocean is another factor leading to the wet winter in LRYR in 2018/19
through generating a zonal wave train from the tropical Atlantic Ocean to East Asia. It
is concluded that the warming in the central tropical Pacific and equatorial Atlantic
Oceans plus interdecadal variation are three major factors causing the extreme event.
The connections with SSTA imply the predictability of the event. That is confirmed
by the success of the real-time forecasts of CFSv2 in short leads (1-5 months).
Furthermore, the relationship between the winter precipitation in LRYR and the SSTA
in the central tropical Pacific and equatorial Atlantic Oceans in the model is consistent
with that in the observations.

The results suggest a potential source of the predictability of this extreme
event. However, it should be pointed out that although the reconstruction of the three
factors well reproduced the spatial distribution of the extremely wet winter in 2018/19,
it underestimates the amplitudes of the precipitation anomaly over LRYR (about 1/4
of the observation), and overestimate the precipitation over southeastern coast of
China (Figure not shown). The model predictions have similar results (Fig. 9). The
discrepancy from the observations may be associated with the impact of internal
dynamics driven processes, which are profound in the extra-tropics (such as, eastern

China) and unpredictable (Gao et al. 2014; Liang et al. 2019; Liu et al., 2014, 2019).
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Table Caption

Table 1: Simultaneous correlation coefficients of precipitation anomaly in LRYR
(Priryr, Fig. 2) with various tropical SST indices and among the SST indices during
DJF 1951/52-2018/19 after the linear trends have been removed. Thick numbers are
significant at the 99% significance level using Student’s t-test, corresponding to the

absolute value of correlation > 0.31
Figure Captions

Fig. 1: (a) Precipitation (mm) and (b) the number of precipitation day anomalies
(shading) and normalized anomalies (contour) in DJF 2018/19. The blue rectangle
denotes southern China (SC), and the red rectangle represents the lower reach of the
Yangtze River (LRYR).

Fig. 2: The time series of DJF ATL3 index (left axis, green bars, °C) and precipitation
anomaly averaged in LRYR (27°-33°N, 112°-123°E) (right axis, blue bars, mm)
during 1951/52-2018/19.

Fig. 3: (@) SST (shading, °C) and 200hPa geopotential height (contour, gpm)
anomalies; (b) 200hPa eddy stream function (contour, interval: 3x0® m?s?) and
precipitation (shading, mm), and wave activity flux ( vectors, m?s?) anomalies in DJF
2018/19

Fig. 4: Simultaneous correlations between precipitation anomaly and the de-trended
SST indices of (a) Nifo3.4; (b) CT; (c) WP; (d) Modoki; () I0BM; (f) 10D; ()
ATL3; (h) TNA during DJF 1951/52 -2018/19. The red dots indicate correlation

coefficients reaching the 95% confidence level according to Student’s t-test.
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Fig. 5: Reconstructions of 2018/19 DJF precipitation anomaly (mm) based on the
linear regression with the de-trended (a) WP and (b) ATL3 indices; (c) the
interdecadal change of the DJF precipitation (mm) in 1989/90-2018/19 and
1951/52-1988/89; (d) the sum of (a), (b) and (c).

Fig. 6: The moving t-test for the time series of winter precipitation anomaly in LRYR
from 1951/ 1952 to 2018/2019 (the moving window is 10 years. The red dash lines
denote the 95% significant levels).

Fig. 7: Composites of (a) SST (shading, °C) and 200hPa geopotential height (contour,
gpm) anomalies; (b) 200hPa eddy stream function (contour, interval: 2x0% m?s™),
precipitation (shading, mm), and wave activity flux (vectors, m?s?) anomalies in
typical positive and negative ATL3 winters.

Fig. 8: Correlations of the observed and CFSv2 predicted DJF precipitation anomalies
with initial conditions in (a) November, (b) September, (c) July, and (d) June during
1982-2010.

Fig. 9: CFSv2 real-time forecasts of precipitation anomalies (mm) in DJF 2018/19 in
the (a) 1-month, (b) 3-month, (c) 5-month, and (d) 7-month leads.

Fig. 10: CFSv2 predicted DJF precipitation anomalies in 1983/84~2018/19 averaged
in the LRYR (27°-33°N, 112°-123°E) in the (a) 1-month; (b) 3-month, (c) 5-month,
and (d) 7-month leads. The dished lines represents one positive and negative standard
deviation. The unit is mm.

Fig.11: CFSv2 real-time forecasts of SST anomalies (°C) in DJF 2018/19 in the (a)

1-month, (b) 3-month, (c) 5-month, and (d) 7-month leads.
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Fig. 12: Simultaneous correlations between the LRYR precipitation anomaly and
SSTA in the (a) 1-month, (b) 3-month, (c) 5-month, and (d) 7-month leads in CFSv2
predictions in January 1982 — December 2018. The cross signs indicate correlation

coefficients reaching the 95% significant level according to Student’s t-test.
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Table 1: Simultaneous correlation coefficients of precipitation anomaly in LRYR
(Priryr, Fig. 2) with various tropical SST indices and among the SST indices during
DJF 1951/52-2018/19 after the linear trends have been removed. Thick numbers are
significant at the 99% significance level using Student’s t-test, corresponding to the

absolute value of correlation > 0.31

Ni C W Mod | [ A T
no34 T P oki OBM OD TL3 NA

Pr 033 030 031 029 039 002 031  -0.05
LRYR

Ni 0.90 066 0.68 081 001 020 0.8
o34

C 0.29 0.30 075 004 026 0.0
-

W 0.95 050 -005 006  0.25
P

Mo 048  -008 001  0.20
doki

10 002 031 033
BM

10 017  0.10
D

38

This article is protected by copyright. All rights reserved.



L3

AT

0.15

39

This article is protected by copyright. All rights reserved.



o]

0l

Sl

(014

j°14

30¢1 3SLL 3011 3s01

=7

27\

N8l

FNLC

-N¥C

- NOS

FNES

- N9¢

Apwouy Aoq uonpyidiosid (q)

30¢1 Eiy 011 3sol

\ 1

- N8

-NLC

- N¥C

-NLC

- NO¢

-NES

- N9¢

Alpwouy uonpbyidiosid (p)

joc_6591 _figl.eps

This article is protected by copyright. All rights reserved.



25

ATL3 mPr LRYR

[ T L 1|1. el Ll it 1
M'|I'|‘I'||| LN TR

1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

JOC_6591_Fig2.tif

This article is protected by copyright. All rights reserved.

250

200

150

100

50

-50

-100

-150



001l 00 091 o0cl 08 [9)4 0 0Z— O¥y— 08— 0ZL— 09lL— 00C-

—l] | ] I I [ [ I _ | I I

MO9  MOB MOZIL MOSL 08l 3061 30zL 306 309 308 0  MOS M09

A NV > > H%sv@lﬁv Neh T NO9
— : =
6L/810C 4rd Ul X|4Am 2 81bdd ‘00¢ISd (9
[4 Gl l mmo Nro n_u N.ﬂ_ul m.n_ul |— S'L— c—
-l ] [ T
MO9 MO MOZL MOGL 08L 30GL 3071 306 309 308 O MOS MO
.”. v 0%~ N |
P U ) - S0¢
02 -
03
- NOC
- NO¥
...... - NO9

-~
lllllll

joc_6591 fig3.eps

This article is protected by copyright. All rights reserved.



*N¢] ¥°0 ¢'0 ¢0 1°0 0 1'0—- ¢0—- ¢€0- +0- G0-
e _ _ [ [ _ _ _ I N
30z1  3SLL 3001 350} 30zL  3SLL 3011 30! 30zL  3SLL 3001 30 30zL  3SLL 3001 30!
— b NSl = _ N8l = b N8l = - NSl
LNLE ENLE ENLZ ENLE
LN L NYT L NYT LNV
LNLT +NLZ LNLT LNLT
L NOS L NOS L NOS L NOS
L NEE L NES L NES L NS
L NOE L N9E L NOE L N9S
P e P ]
VNL (Y) ¢y (B) aol (3) naol ()
30ZL  3SLL 3011 3504 30ZL 3SLL 3011 3501 30ZL 3SLL 3011 3504 30ZL 3SLL 3011 3501
— . L N8l =t : L N8l = : L NSl . : L NS1
ENLE ENLE ENLZ ENLE
L NYC L YT N4 LNV
LNLT LNLT LNLT ENLT
L NOS L NOS L NOS L NOS
L NES L NES L NES L NES
L NOE L NOE L NOE L N9
h

1opo (P)

ycoulN (p)

joc_6591 fig4.eps

This article is protected by copyright. All rights reserved.



(a) WP (b) ATL3

— —
36N 36N -
33N A 33N
30N - 30N -
27N A 27N A
24N - 0 24N 1 0
21N 21N
18N : . —— 18N : : —
105E 110E 115E 120E 105E 110E 115E 120E
(¢) Interdecadal Difference (d) (a)+(b)+(c)
—

36N - 36N -
33N- 33N -
30N - 30N -
27N- 27N-

24N - 0 24N -

21N - 21N -

18N :. [~ 18N IaY

105E 110E 115E 120E 105E 110E 115E 120E

I I I I I I I I
-100 -80 -60 —-40 -20 O 20 40 60 80 100

joc_6591 fig5.eps

This article is protected by copyright. All rights reserved.



JOC_6591_Figb6.tif

This article is protected by copyright. All rights reserved.



0c

M09  MOB MOZL MOSL

00C 091 0cCl 08 (914 0 0Z— O¥y— 08— 0ZL— 09lL— 00C-

M09  MO6 MOCL

-l | I I [ [ [ | [ [T —
om_: mo_m_ mo_m_ mom moo H._om o \som M09
_ )} 3
N fﬂ\a\\\ =\ ﬁ.\ g *'»N\]A - S0¢
- NO¢
- NOY
(] o™ ) IZO©
Emb - ﬁ-\

XIJAM %% 9301d ‘00¢ISd e3sodwo) (q

0 0 0 20— ¥%#0— 90— 80— -

_ [ _ [ _ [ T
\so_m_ 08l 3061 3J0¢L 306 309 uom 0 \som M09

- S0¢

- 03

lllll

——eccccoco
- =2,
o e oo

B A

o

~,
Seme
N

~
~

~ -
lllllll

joc_6591 fig7.eps

This article is protected by copyright. All rights reserved.



Corr of DJF Precip Anomaly of CFSv2 Ensemble Mean (1982-2010)
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CFSv2 Predicted LRYR (27-32N, 113-123€) OJF Preciptation (mm; 1 stdv)
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DUF SSTA (C; CFSv2 Forecast; 40 Members)
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Simultaneous Corr of S. China DJF Prec & SST (CFSv2; Jan1982~Dec2018; 95%)
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Was the Extremely Wet Winter of 2018/19 in the Lower
Reach of the Yangtze River Driven by ENSO?

Yunyun Liut 2, Zeng-Zhen Hu®, and Renguang Wu*
(1) Laboratory of Climate studies, National Climate Center, China Meteorological
Administration, Beijing 100081, China
(2) Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters,
Nanjing University of Information Sciences & Technology, Nanjing 210044, China
(3) Climate Prediction Center, NCEP/NOAA, College Park, MD 20740, USA
(4) School of Earth Sciences, Zhejiang University, Hangzhou, Zhejiang 310027, China

Brief Summary

Tropical Atlantic warming, interdecadal variation, and central tropical Pacific warming
(associated with central Pacific instead of eastern Pacific EI Nifio) are three major
factors leading to the extremely wet winter of 2018/19 in the lower reach of the Yangtze
River (LRYR). The real-time prediction results of successfully captured the observed
statistical relationship between the winter precipitation in LRYR and the SSTA in the
central tropical Pacific and equatorial Atlantic Oceans indicates that such an event is
predictable to some extent.
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Fig. 1. Reconstructions of 2018/19 DJF precipitation anomaly based on the linear
regression with the de-trended (a) WP and (b) ATL3 indices; (c) the interdecadal change
of the DJF precipitation in 1989/90-2018/19 and 1951/52-1988/89; (d) the sum of (a),
(b) and (c).
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Table 1: Simultaneous correlation coefficients of precipitation anomaly in LRYR
(Priryr, Fig. 2) with various tropical SST indices and among the SST indices during
DJF 1951/52-2018/19 after the linear trends have been removed. Thick numbers are
significant at the 99% significance level using Student’s t-test, corresponding to the

absolute value of correlation > 0.31

Nino34 CT WP  Modoki 10BM 10D ATL3 TNA

Priryr 033 030 031 0.29 0.39 002 0.31 -0.05

Nifo34 090 0.66 0.68 0.81 -0.01  0.20 0.18
CT 0.29 0.30 0.75 0.04 0.26 0.10
WP 0.95 0.50 -0.05  0.06 0.25
Modoki 0.48 -0.08  0.01 0.20
1I0BM 0.02 0.31 0.33
10D 0.17 0.10
ATL3 0.15
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