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Abstract: This study investigates the possible causes for the precipitation of Guangdong during dragon-boat rain period
(DBRP) in 2022 that is remarkably more than the climate state and reviews the successes and failures of the prediction in
2022. Features of atmospheric circulation and sea surface temperature (SST) are analyzed based on several observational
datasets for nearly 60 years from meteorological stations and the NCEP/NCAR Global Reanalysis Data. Results show
that fluctuation of the 200-hPa westerly wind as well as the westerly jet is strengthened due to the propagation of wave
energy, leading to strong updraft over southern China. Activities of a subtropical high and a shear line provide favorable
conditions for the transport of moisture to Guangdong. With the support of powerful southwest winds, extreme
precipitation is induced. ENSO is a good indicator of atmospheric circulation at mid-and high-levels during the DBRP in
2022 but it performs badly at low levels. During recent years, the influence of ENSO on precipitation during the DBRP
has decreased obviously. The SSTA of tropical southeast Atlantic (SEA) in spring may become the key indicator. During
the years with warm SEA, wave trains propagate from northwest to southeast over Eurasia with energy enhancing the
westerly jet, conducive to updraft over southern China and the occurrence of heavy precipitation. Meanwhile, the Rossby
wave is triggered over Maritime Continent by heat sources of southern Atlantic-western Indian Ocean through the Gill
response. Thus, strong transport of moisture and heavy rainfall occur.
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1 INTRODUCTION

The first annual rainy season (FARS) over southern
China is from April to June, during which the
precipitation is characterized of uneven spatial and
temporal distribution (Wu and Liang™; Zhao and
Chen ; Zheng et al. P'). The temporal variability of the
FARS mainly consists of subseasonal and interannual
time scales (Xin et al. ¥; Gu and Ji P)). It is also pointed
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out that the precipitation in southern China during the
FARS exhibits a significant interdecadal transition from
a dry state to a wet state in the early 1990s (Li et al. [¢]).
Precipitation in southern China during the FARS
generally peaks from late May to mid-June when the
dragon-boat race is held. Due to the concentrated, long-
lasting and intense precipitation in Guangdong from 21
May to 20 June, this period is therefore named dragon-
boat rain period (DBRP) (Qian et al. I"; Zhang et al. &
Chen and Zhai ©); Tang et al. ['%). Precipitation during
this period is not only related to early rice yield and
water levels, but also linked to heavy rainfall and floods.
Moreover, it has an important influence on economic
development and people’ s livelihood in Guangdong
(Huang et al.0'; Li et al.U%). For example,
characterized by long duration, high intensity and wide
range of influence, precipitation during the DBRP in
2008 broke the record and caused great economic loss in
agriculture, forestry, aquatic products, and transportation
(Lin et al.M)., The formation mechanism of
precipitation during the DBRP is complex and the
corresponding configuration of weather systems exhibits
clear difference (Zheng et al.Bl; Lin et al. ¥, Wu et
al. ). Thus, prediction of precipitation during the
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DBRP is the key difficult part of climate prediction.

By now, there have been some analysis on
individual cases of the DBRP. Lin et al. !*) indicated that
the extreme precipitation was associated to a weak and
eastward subtropical high as well as an evident low-level
jet in 2008. Gu and Zhang!" investigated the
relationship between precipitation and corresponding
atmospheric low-frequency oscillation during the DBRP
in 2008. Gu and Ji P! further demonstrated the influence
of atmospheric circulation at the middle and low
troposphere on precipitation based on the quasi-10-day
time scale. Wen et al.[' analyzed the connection
between consistent precipitation and 30-60-day
oscillation in June 2005. Other research mainly focuses
on statistical characteristics of annual precipitation
during the DBRP and corresponding atmospheric
circulation systems. By studying three types of spatial
distribution of precipitation during the DBRP, Hu et
al. ' investigated the critical impact of different
configurations of atmospheric circulation on the
precipitation. Wu et al. " showed that both a weak
South Asia high and a weak subtropical high were
conducive to precipitation during the DBRP based on
analysis in the past 55 years. Chen et al. " found the
modulating effect of low-frequency oscillation on
persistent rainstorms. Lin et al. ' pointed out that the
amount of precipitation of Guangdong in June during the
past 30 years was related to the phase of MJO and its
corresponding circulation characteristics. However, there
are relatively few studies on the influence of sea surface
temperature (SST) on the precipitation of Guangdong
during the DBRP.

Compared with atmospheric circulation, the SST
changes slowly and is used as an important forewarning
factor in precipitation forecast. Many studies have
explored the influence of the SST on the precipitation in
southern China during the FARS. For example, cooler
sea areas near southern China may lead to less
precipitation there during the FARS (Ma et al. ®%); a
warm Indian Ocean may weaken the impact of summer
monsoon on the precipitation over southern China (Yang
et al. P'I; Li et al. ??); Probability of extremely dry or
wet conditions in southern China from May to June may
increase when PDO and ENSO are in the same phase
(Chan and Zhou 2*'); Warm SST of the South China Sea-
western Pacific Ocean may facilitate persistently
extreme precipitation over southern China in late spring
and early summer (Hong and Ren ™). Sea surface
temperature anomaly (SSTA) in the equatorial central
and eastern Pacific is the key factor in climate
prediction. ENSO is an important component of climate
variation and it is closely related to the East Asian
summer monsoon which may have a decisive influence
on the precipitation during the flood season in southern
China (Chan and Zhou I; Zhou et al.®]; Chang et
al. B%; Yim et al. 7)),

Cold events successively occurred twice from

2020 to 2022, which is historically rare. Moreover, the
precipitation of Guangdong during the DBRP in 2022
was so heavy that it ranked the third since 1961.
However, results of precipitation prediction by many
models differ greatly from the observation. Based on
models and diagnosis, forecasters correctly judged the
general trend of precipitation during the DBRP in 2022
but failed to predict the spatial distribution of
precipitation anomaly. In this study, we analyze the
possible causes for the precipitation of Guangdong
during the DBRP in 2022 that is remarkably more than
the climate state and review the successes and failures of
the prediction, which may provide possible ways to
improve climate prediction by showing typical cases for
reference. The rest of this paper is organized as follows.
Section 2 introduces observational data and statistical
methods applied in this study. In section 3, we show the
major features of the precipitation of Guangdong during
the DBRP and we also compare the results between
prediction and observation in 2022. Analysis on the
influence by atmospheric circulation on extreme
precipitation is shown in section 4. Section 5 contains
the evolution of relationship between ENSO and
precipitation during the DBRP and reveals a possible
mechanism of how the key marine area affects the
precipitation in Guangdong. A summary and a further
discussion are provided in section 6.

2 DATA AND METHODS

The dataset used for the study consists of
geopotential height (Z), sea level pressure (SLP), zonal
and meridional winds (U, V), vertical p-velocity
(omega), specific humidity (Q) fields at 2.5°x2.5° global
grids from the National Centers for Environmental
Prediction-National Center for Atmospheric Research
(NCEP-NCAR) Reanalysis (Kalnay et al. %), daily
rainfall data from 86 stations in Guangdong, Hadley
Centre Sea Ice and Sea Surface Temperature dataset at
1° horizontal resolution (HadISST; Rayner et al. *!). All
the datasets cover the period from 1961 to 2022. The
dragon-boat rain period (DBRP) is defined as a time
lasting from May 21 to June 20, during which
precipitation in Guangdong is highly concentrated.

The methods applied in this study include linear
regression, standardization, correlation analysis, moving
average, Student-r test, composite analysis, 25-year
sliding correlation and Euclidean distance. During the
analysis of wave-activity flux, Equation 38 by Takaya
and Nakamura % is used and the corresponding basic
flow is the climate mean between May 21 and June 20
from 1961 to 2022. The total column water vapor ()
and water vapor flux (F',, F',) are calculated as follows:

1 P
= f L adp (1)
1 Ps
Fo= ] ey @)
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1 ¢Ps

Ps means the surface air pressure (at 1000 hPa), Pt
uses the air pressure at 300 hPa due to mid-and lower-
level residence of water vapor, & is the acceleration of
gravity, u, v and ¢ are the zonal and meridional winds,
and specific humidity, respectively.

3 MAJOR FEATURES AND PREDICTION

According to Fig. la, precipitation during the
DBRP in 2022 ranked the third largest since 1961. The
average precipitation in Guangdong in this period is
514.5 mm, which is 54% more than the climate mean.
Neither decadal features nor significant uptrends of
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accumulated rainfall are shown. Precipitation during the
DBRP in 2022 mainly concentrated in the first half of
June, during which the daily rainfall greatly exceeds the
corresponding value of climatic state (Fig. 1b). It is
known from the spatial distribution (Fig. 2b) that
although the western part of Guangdong coast is drier,
most regions of the province is extremely wet, especially
the northern and eastern parts. Compared with the
observation (Fig. 2b), only the wet feature and the
anomaly of precipitation over the southern part of
Guangdong are correctly forecast. It is unfortunate to see
that the prediction of precipitation anomaly over the
northern part of Guangdong differs greatly from the
reality during the DBRP in 2022 (Fig. 2a).
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Figure 1. (a) The percentage of rainfall anomaly (blue histogram; units: %) in Guangdong during the DBRP from 1961 to 2022
(Digit on the upper right corner represents the ¢ value, which guarantees the 95% significance of the trend only if it is greater than
1.67. The black solid line and blue dashed line represent the trends and the nine-point moving average line, respectively); (b) Daily
rainfall of Guangdong province during the DBRP in 2022 (blue dashed line; units: mm) and climate state (blue histogram; units:

mm).
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Figure 2. (a) Prediction and (b) observation of the percentage of rainfall anomaly in Guangdong during the DBRP in 2022 (units: %;
scattered points represent the 86 meteorological stations in the province).

4 ATMOSPHERIC CIRCULATION

Climate prediction is made by forecasters based on
objective results of numerical models, physical and
statistical correction, and the merging of various results
(Zhang et al.BY). Forecasts initialized in March by
models both abroad and at home show that precipitation
during the DBRP is less than the climate state over
Guangdong, especially over the northern part. Moreover,
forecasts initialized in April further exaggerate the dry
trend during the DBRP, which is opposite to the reality.
Section 4 contains an analysis of the influence of

atmospheric circulation on the precipitation during the
DBRP in 2022.
4.1 Westerly jet, upper-level ridges and troughs
Fluctuations of ridges and troughs at the upper level
during the DBRP in 2022 were stronger than those in the
climate state. The speed of the westerly jet was higher
and a high-speed zone exceeding 40 m/s extended from
120° E to 140° W (Fig. 3a). The westerly fluctuated
strongly and exhibited longwave distribution with two
troughs and two ridges. According to the principle of
statics, the subsidence and cold advection prevail north
to the southern China region behind an upper-level
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trough (Fig. 4). According to Fig. 3c, easterly anomaly
covers the Arabian Sea, the Bay of Bengal, and the area
to the north and it splits at 110°E into two negative belts.
Thus, the westerly is weakened to the north while the
easterly is strengthened to the south of the strong
westerly jet from the east of China to the middle

latitudes of the Pacific. Affected by geostrophic
deviation winds, the updraft over southern China is
accelerated (Fig. 4) to the rear-right region of the jet
entrance and therefore facilitates the persistent

precipitation.
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Figure 3. The 200-hPa wind vectors (units: m s™') and zonal wind (shaded; units: m s™') during the DBRP in (a) 2022 and (b) their
climate state (The green dashed and solid contours represent zonal wind speeds of 30 and 40 m s™, respectively), and (c) their

anomalies.
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Figure 4. Vertical profile distribution of vertical p-velocity (-100* ®) and meridional wind averaged over 110°~120°E during the
DBRP in (a) 2022 and (b) their climate state. The black vectors represent the vertical and meridional vector wind fields while the

shaded parts represent the vertical p-velocity (units: m s™).
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According to Fig. 5, atmospheric disturbance was
stronger than the simultaneous climate mean during the
DBRP in 2022. Compared with the climate mean state,
the wave energy propagated from west to east along the
middle and high latitudes over Eurasia. The northern
branch of the wave activity flux propagated along the
western coast of Western Europe, the West Siberian
plain north of the Caspian Sea and Mongolia, and the
southern branch propagated along the Mediterranean-
Black Sea, east of the Caspian Sea and Xinjiang.

Compared with the period when precipitation peaks
from June 6 to 16 (Fig. 1b), the propagation of wave
energy during late May mainly concentrated in the
northern branch (figure omitted). Unstable development
of the westerly belt longwave made it easy to form a cut-
off low pressure, which is known as the cold vortex over
the northeast of China in the middle and upper
atmosphere. In short, waves were active near the jet
stream and provided energy for the activities of ridges
and troughs and thereby modulated the longwave.

-100 -80 -60 —40 20 0 20 40 60 80 100

Figure 5. Geopotential height anomalies at the 200-hPa level (shaded; units: gpm) and the associated wave activity flux (vectors;
units: m?s %) during the DBRP in 2022. The green contour and the bold line represent the Z500 and the 5880-gpm line, respectively.
The “+” and “~” represent the positive and negative anomaly of geopotential heights, respectively.

4.2 Activities of subtropical high

Compared with the simultaneous climate mean,
anomalies of the geopotential height exhibited a wave-
train structure with the centers of “—, +, =" oriented from
northwest to southeast in the upper and middle
atmosphere during the DBRP in 2022 (figure omitted).
Being more southward than the simultaneous climate
mean state, the subtropical high retreated eastward with
its westernmost ridge point changing from 108°E during
early May to 122°E during late May and finally around
120° E (figure omitted). Fig. 6a shows that the
subtropical high extended westward intermittently, and
overall weakening and eastward retreats are found
during May 21-June 5. The subtropical high extended
much westward around June 5-10 and reached the

westernmost position on June 10. During June 10-20 in
2022, the westernmost ridge point of the subtropical
high maintained at 120° E, which was conducive to
continual guiding transport of water vapor from south to
north and bringing extreme precipitation (Fig. 1b). Fig.
6b reveals that the position of the subtropical high first
moved north and then headed south. When the
subtropical high was around 22°N with its westernmost
ridge point at 120°E, the precipitation peaked during the
DBRP in 2022. This special position of the subtropical
high is similar to the findings of Gu and Ji ®! and Hong
and Ren ?. Moreover, each westward extension (Fig.
6a) or each northward progression (Fig. 6b) of the
subtropical high perfectly coincided with the start of a
new process of precipitation during the DBRP in 2022.



120 Journal of Tropical Meteorology Vol.29
23°N HGT500 120°E HGT500

June 20 June 20

June 10 58¢ June 10
585

May 31 May 31

Y s82

579

May 21 May 21 + - -

90°E 135°E 15°N 30°N

Figure 6. (a) Longitude-time cross sections at 23°N and (b) latitude-time cross sections at 120°E of Z500 during the DBRP in 2022

(shaded; units: 10 gpm). Contours are the 5880-gpm lines.

4.3 Transport of water vapor

The southwest winds at the 850-hPa level over
Guangdong were much stronger than the climate state
due to a robust flow at the edge of the Philippine
anticyclone and the powerful southwesterly flow of the
South China Sea. With the persistence of a shear line
anomaly north of Guangdong, the transport of warm and
moist currents was blocked so that the water vapor can
gather over Guangdong (figure omitted). Fig. 7 further
illustrates the transport of water vapor. Sources of
abundant water vapor during the DBRP in 2022 include
the Bay of Bengal, the South China Sea, and the western
Pacific (Lin et al. ®?). The whole column of moisture
transport converged over the northern part of southern

China, which was much stronger than the climate state
(Fig. 7a-7b). High-value centers of southerly and
westerly moisture transport were dominant over
Guangdong (Fig. 7c=7d), which was guaranteed by the
powerful southwest winds. Transport of moisture
changed from southwest to west over the northern part
of Guangdong, which suggests the block of moisture by
the shear line, contributes to abundant moisture over
southern China, especially the northern part of
Guangdong. With the guidance of the upper-level air
flow and the uplifting movement at the edge of the
subtropical high, ascending motion is dominant
throughout the vertical layer. Thus, the precipitation
during the DBRP in 2022 was persistent and extreme.
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Figure 7. Total column water vapor flux (vector; units: kg m™"' s") and the divergence field (shaded; units: 10° kg m™? s™') during the
DBRP in (a) 2022 and (b) their climate state. The anomalies of (¢, d) water vapor flux (vector; units: kg m™” s™), (¢) meridional water
vapor flux (shaded; units: kg m ' s™') and (d) zonal water vapor flux (shaded; units: kg m™ s™).
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5 INFLUENCE OF SST

The SSTA of key areas is the important driver of
atmospheric circulation anomalies (Huang and Sun B3l;
Wang et al. B4). Under the condition of successive cold
events in 2022, composites of precipitation in similar
years with minimum Euclidean distance of ONI (3-
month moving average SSTA of 5°N-5°S, 120°-170°W)
were calculated, showing spatial distribution of
precipitation anomaly like that in Fig. 2a. Not only the
analysis of the preceding snow and southern China
summer monsoon but also the relationship between
SSTA in Pacific and precipitation during the FARS
(Qiang and Yang ™)) suggested dry anomaly in
Guangdong. In short, they failed to provide proper
guidance for precipitation prediction during the DBRP in
2022.

5.1 Indication of ENSO evolution

Figure 8 shows the composites of vertical profile
distribution in the years with similar ONI. The whole
layer over north Guangdong is dominated by downdraft
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while significant updraft and negative geopotential
height anomaly prevails in the south. Compared with
Fig. 4, the boundary between updraft and downdraft
shifts southward from 30°N to 23°N, resulting in less
precipitation in northern Guangdong. Composites of
horizontal distribution at different levels (figure omitted)
showed similar features of atmospheric circulation at the
upper and middle levels during the DBRP in 2022: The
upper westerly over the east of China and mid-latitude
Pacific was strengthened; negative geopotential height
anomaly was dominant over southern China at the 500-
hPa level. At the 850-hPa level, cyclonic circulation
anomaly prevailed over the South China Sea-Philippines
region, which is opposite to the observation. Changes of
atmospheric circulation at upper- and mid-levels are of
great importance to modulating precipitation (Miao et
al. %), The evolution of ENSO is a good indicator of
atmospheric circulation at the upper- and mid-levels but
it was a less useful guide for prediction of low-level
atmospheric circulation during the DBRP in 2022.
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Figure 8. Vertical profile distribution of simultaneous composite of wind anomalies (black vector; units: m s™') and geopotential
height anomaly (contour; units: gpm) for (a) vertical p-velocity (-~ 100 % ®) and meridional wind averaged over 110°-120°E, (b)
vertical p-velocity (—100x®) and zonal wind averaged over 20°-26°N during the most similar eight years according to ONI (2012,
1985, 2009, 2001, 1997, 1972, 1986 and 1975). The red vectors and the shades represent the 95% confidence level.

The correlation coefficient was just 0.03 between
Nino3.4 in preceding winters and the precipitation of
Guangdong during the DBRP from 1961 to 2022. In
order to clarify the relationship between ENSO and
precipitation during the DBRP, Fig. 9 shows their sliding
correlation with a 25-year window. The correlation
between Nino indexes in spring and precipitation is
stronger than that in winter (Fig. 9). Moreover, positive
correlations with the confidence level exceeding 95%
are shown between Nino3.4 in spring and precipitation
during the DBRP from 1976 to 2006. After 2006, this
positive correlation rapidly decays and strengthens
reversely. In 2022, the relationship between ENSO and
precipitation should be negatively correlated (Fig. 9c),
namely, the negative Nino3.4 is with the positive

anomaly of precipitation. However, the negative
correlation is not yet significant in 2022 and there must
be another key index of SSTA.
5.2 The tropical southeast Atlantic

Since maximum absolute values occur in 1989
(positive correlation) and 2010 (negative correlation) by
sliding correlation (Fig. 9c), the period during 1961-
2022 can be divided into two parts of 1977-2001
(Period 1) and 1998-2022 (Period 2). Meanwhile, both
the Nino indexes and Indian Ocean dipole index
(averaged SSTA of 30°-40°S, 60°-80°E minus averaged
SSTA of 5°-35°8S, 95°-115°E; figure omitted) show
better relationship in springs than in preceding winters
with the precipitation during the DBRP. Fig. 10a and
Fig. 10c show the regression of SST in spring against the
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percentage of rainfall anomaly in Guangdong during the
DBRP. During Period 1, significant positive correlation
is exhibited between the precipitation and SSTA of
equatorial central and eastern Pacific. In Period 2, the
ENSO signal decays and the significant area is replaced
by tropical southeast Atlantic. The averaged SSTA of
this key area (5°N-15°S, 25°W-10°E) is hence defined
as the SEA index. When the SEA index is positive,
significant warm SSTA occurs in tropical eastern Indian

Indian Ocean and Maritime Continent during Period 2
(Fig. 10b and 10d), which also reveals the weaker effect
of the ENSO in Period 2. Sliding correlation between
precipitation and SEA index (figure omitted) further
illustrates that negative correlation peaks in 1981 and
then decays before changing into positive correlation
which strengthens rapidly and finally maintains at
significant levels after 2008. Thus, the SEA can replace
ENSO as the significant signal of precipitation during

Ocean and western Pacific during Period 1 while the DBRP in Period 2.
significant warm SSTA moves westward to western
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Figure 9. Sliding correlation between (a) Nino3 (5°N-5°S, 90°-150°W averaged SSTA), (b) Nino4 (5°N-5°S, 160°E-150°W
averaged SSTA), (c) Nino3.4 (5°N-5°S, 120°-170°W averaged SSTA) and percentage of rainfall anomaly in Guangdong during the

DBRP with the center year of the 25-year window shown from
lines represent the DJFMAM (preceding winter and spring),
represent the 90% and 95% confidence level, respectivley.
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and the red lines represent spring. The black and blue direct lines
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Figure 10. Regressions of SST in spring against the percentage
2001 and (c) from 1998 to 2022. Regressions of SST in spring
shown in the box of (¢) during (b) 1977 to 2001 and (d) 1998 t
level is exceeded.

Figure 11 displays correlation fields between
precipitation and simultaneous atmospheric circulation
at different levels during Period 1 and Period 2.
According to previous studies (Wang et al. B7; Xie et
al. %), the Philippine anticyclone stabilizes during late
autumn and early winter in El Nino years and peaks in
spring. The anticyclone is more significant in Period 1

45°S

0° 40°E 80°E 120°E 160°E 160°W 120°W 80°W 40°W  0°

of rainfall anomaly in Guangdong during the DBRP (a) from 1977 to
against simultaneous SEA (5°N-15°S, 25°W-10°E averaged SSTA,
0 2022. Scattered dots represent the areas where the 95% confidence

(Fig. 11e) than in Period 2 (Fig. 11f). To the west of the
equatorial heat source (Fig. 10a), the anomaly of the
westerly prevails at the 850-hPa level (Fig. 1le).
Significant easterly anomaly is dominant at the 200-hPa
level over equatorial central Pacific (Fig. 11a) with a
pair of anticyclones to the north and south. The above
features of ENSO are much weakened in Period 2 (Fig.
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10c, Fig. 11f and 11b), which further suggests that the
impact of ENSO on the precipitation of Guangdong
during the DBRP has decreased in Period 2. With low-
level divergence and high-level convergence, the key
area with cold SEA is dominated by downdraft in Period
1 and opposite features can be found in Period 2, which
shows the response of the atmosphere to the ocean
(figure omitted). Moreover, cyclones and anticyclones
alternately —appear over North Africa, northern
Mediterranean, West Siberia, the Balkhash Lake, and
eastern China (Fig. 11b and 11d) in Period 2. The wave
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train runs roughly from northwest to southeast (NW-SE)
in the mid - and high-latitudes over Eurasia, which is
consistent with the result of analysis on the wet FARS in
2010 (Miao et al. %), Thus, it suggests that upper-level
systems may influence the precipitation during the
DBRP in Period 2. In addition, the westerly prevails at
high levels over equatorial eastern Indian Ocean and
Maritime Continent while the easterly prevails at low
levels at the southern edge of the Philippine anticyclone
in Period 2. These features are all significantly stronger
than those in Period 1.

(b) UV200 1998-2022
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Figure 11. Correlation coefficient between the percentage of rainfall anomaly in Guangdong during the DBRP and (a, b) upper-level
winds, (¢, d) Z500, and (e, ) low level winds from 1977 to 2001 (left panels) and from 1998 to 2022 (right panels). The blue vectors

represent the areas where the 95% confidence level is exceeded.

To further determine the relationship between SEA
and atmospheric circulation, features at different levels
in the warm-SEA years are shown in Fig. 12a-12c.
According to Fig. 12a, the NW-SE wave train runs
across Eurasia, which is similar to the Eurasian pattern
(EU) by Wallace and Gutzler B and Fig. 11b. Liu et
al. T have also pointed out the possible influence of the
EU wave train on low-frequency precipitation in
southern China. However, the wave train is not shown in
Period 1 (figure omitted). It suggests that the warm SEA
may influence the precipitation during the DBRP
through an upper-level wave train. Waves are active near
the jet stream and supply the energy. The climatic jet
stream nuclei over Japan are superimposed at the upper

level over East China, resulting in a much stronger
westerly jet. Updraft is predominant to the right of the
jet stream entrance over southern China (figure omitted)
and precipitation is therefore enhanced. Wave activity
flux during warm-SEA years (>0.5 standard deviation;
figure similar to Fig. 5, omitted) further illustrates that
the energy of wave propagates through Western Europe,
the West Siberian plain north of the Caspian Sea and
Mongolia and influences upper-level atmospheric
circulation at the mid- and high-latitudes. In addition,
significant westerly anomaly prevails at the 200-hPa
level over equatorial eastern Indian Ocean and Maritime
Continent (Fig. 12a) while significant easterly anomaly
is active at the southern edge of the Philippine
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anticyclone at the 850-hPa level (Fig. 12c). These
features are more obvious than those in Fig. 11b and 11f.
According to the composite anomalies of 200-hPa
winds, 500-hPa geopotential heights and 850-hPa winds
with positive years minus negative years (Fig. 12d-12f),
westerly jet strengthens in the upper atmosphere and the
positive center of the mid-level geopotential height
anomaly is located more southward than the subtropical
high of the climate state. Moreover, southern China is
under the control of a low-level anticyclone and there is
a significantly dominant wupdraft anomaly over
Guangdong in the vertical profile (figure omitted). These
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features are consistent with those in 2022. Similar to
Fig. 12a-12c and Fig. 11b, 11d and 11f, a wave train as
well as the 200-hPa anomalies of westerly winds and the
850-hPa anomalies of easterly winds over Maritime
Continent can all be found in Fig. 12d-12f. Meanwhile,
composite anomalies at different levels of atmospheric
circulation with warm-SEA years minus cold years in
Period 2 are also similar to those in Fig. 12d—-12f (figure

omitted).
In short, warm SEA 1is beneficial to more
precipitation during the DBRP through certain

configuration of atmospheric circulation at different
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Figure 12. The left column represents the correlation coefficient between the SEA in spring and (a) 200-hPa, (b) 500-hPa, (c) 850-
hPa winds from 1998 to 2022. The blue vectors represent the areas where the 95% confidence level is exceeded. The right one
represents the deviation between positive years (warm SEA in spring and more precipitation during the DBRP: 1998, 2001, 2005,
2006, 2007, 2008, 2009, 2010, 2016, 2017, 2018, 2019, 2020, and 2022) and negative years (cold SEA in spring and less
precipitation during the DBRP: 2004 and 2012) of composite anomalies of (d) 200-hPa, (e) 500-hPa, (f) 850-hPa winds (black
vectors; units: m s ') and geopotential height (contours; units: gpm). The blue vectors and the shaded areas represent the areas where
the 95% confidence level is exceeded and the green contours represent the 5880-gpm and 5860-gpm lines.
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levels. During the years with warm SEA, the
propagation of wave trains over Eurasia is obvious and
the anomaly of cyclonic circulation controls Guangdong
at the 200-hPa level. Waves are active near the jet stream
and help to strengthen the westerly jet and the vertical
updraft over southern China, providing necessary
situation for more precipitation. Moreover, the western
Indian Ocean is significantly warmer and the eastern
Indian Ocean-equatorial central Pacific is colder during
the warm-SEA years (Fig. 10d). Through the Gill !
response, anomalies of westerly and easterly winds are
induced to the west and east of the heat source over
tropical southern Atlantic-western Indian Ocean,
respectively (Fig. 12c¢). Anticyclone pairs can also be
found to the north and south of Maritime Continent.
Therefore, the response of the Rossby wave can enhance
the southwest transport of moisture. Besides, direct
thermal circulation causes subsidence over the cooler
eastern Indian Ocean-western Pacific and updraft over
southern China. Finally, precipitation during the DBRP
is abundant.

6 CONCLUSIONS AND DISCUSSION

This study analyzes the main factors of atmospheric
circulation and SST for abnormal precipitation of
Guangdong during the DBRP in 2022. We also
summarize the successes and failures of the prediction in
2022. The conclusions are as follows:

(1) Fluctuation of the 200-hPa ridge and trough is
obvious during the DBRP in 2022 with the propagation
of wave energy, which enhances the westerly jet and
further leads to stronger updraft over southern China.
During the peak stage of the DBRP, the subtropical high
persists near 120° E and provides favorable conditions
for the occurrence of precipitation, which include
upward movement and transport of moisture at the edge
of the high. Moisture is transported to southern China by
strong southwest winds and is intercepted and collected
by a shear line to the north of Guangdong. All these
features contribute to extreme precipitation during the
DBRP in 2022.

(2) ENSO is valuable for the prediction of
atmospheric circulation at mid- and high-levels during
the DBRP but its indication of contemporaneous
precipitation in current years is decreasing obviously.
The SSTA of tropical southeast Atlantic gradually
becomes the key indicator.

(3) During the years with warm SEA, a NW-SE
wave train appears over Eurasia at mid- and high-levels
with the propagation of the wave energy enhancing the
westerly jet, being conducive to the updraft over
southern China and the of heavy
precipitation. Meanwhile, tropical heat sources move
westward to southern Atlantic-western Indian Ocean to
trigger the Rossby wave over Maritime Continent
through the Gill response, resulting in strong moisture
transport to Guangdong and therefore inducing heavy

occurrence

rainfall.

To further verify these results, this study also
analyzes corresponding atmospheric circulation and
SSTA in 2006 and 2008 when precipitation ranked the
second and the first during the DBRP, respectively.
Many similar characteristics can be found. In 2006,
ascending motion was more significant than that in
2022. Fluctuations of westerly winds in 2006 were
strong and exhibited longwave distribution with two
troughs and two ridges with a strengthened westerly jet,
which are almost the same to those in 2022. Moreover,
the northern branch of the wave activity flux propagated
and converged more strongly. In 2008, the ascending
motion was even stronger and the fluctuation of westerly
winds was of longwave with only one trough and one
ridge with an extremely strong westerly jet core. The
anomaly of zonal wind in 2008 showed similar
distribution as that in Fig. 3c. Similarly, moisture was
transported to southern China by strong southwest winds
and was intercepted and collected by shear lines in these
three years. In addition, wave-train structures from
northwest to southeast in the upper and middle
atmosphere during the DBRP in 2006 and 2008 were
also evident, which were consistent with warm SSTAs in
tropical southeast Atlantic in both years. In 2006,
preceding negative SSTA in equatorial central and
eastern Pacific and more precipitation during the DBRP
also show that the positive correlation between ENSO
and precipitation in Guangdong has decayed. In 2008,
precipitation during the DBRP was quite heavy after the
peak of the cold event, which further suggests the
development of negative correlation.

There are many uncertain factors in climate
prediction, from which forecasters need to distinguish
available signals according to their features during
different stages. In addition, detailed diagnosis and
analysis of atmospheric circulation are necessary.
Systematic diagnosis can help forecasters better capture
the overall trend of precipitation even if most results of
models are completely contrary to the reality. Prediction
of extreme precipitation during the FARS is the difficult
part in climate prediction. This study supplements the
past research with a new typical case in 2022 and issues
some new arguments. For example, it reveals that the
signal of ENSO can better indicate the precipitation of
Guangdong during the DBRP in 1977-2001 but its
indication decreases during recent years. It also reveals
that the SSTA of tropical southeast Atlantic in spring
may have been the key factor which influences the
anomaly of precipitation in Guangdong during the
DBRP in recent years. During the years with warm SEA,
precipitation during the DBRP possibly exceeds the
climate state. The SSTA of tropical southeast Atlantic
may influence the precipitation in Guangdong through
the Gill response in the tropics and the wave train at
mid - and high-latitudes. However, the mechanism
remains to be further studied.
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