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ABSTRACT

The unprecedented Zhengzhou heavy rainfall in July 2021 occurred under the background of a northward shift of
the western Pacific subtropical high (WPSH). Although the occurrence of this extreme event could not be captured
by seasonal predictions, a skillful prediction of the WPSH variation might have warned us of the increased probability
of extreme weather events in Central and Northern China. However, the mechanism for the WPSH variation in July
2021 and its seasonal predictability are still unknown. Here, the observed northward shift of the WPSH in July 2021 is
shown to correspond to a meridional dipole pattern of the 850-hPa geopotential height to the east of China, the amplitude of
which became the strongest since 1979. The meridional dipole pattern is two nodes of the Pacific—Japan pattern. To
investigate the predictability of the WPSH variation, a 21-member ensemble of seasonal predictions initiated from the end
of June 2021 was conducted. The predictable and unpredictable components of the meridional dipole pattern were
identified from the ensemble simulations. Its predictable component is driven by positive precipitation anomalies over the
tropical western Pacific. The positive precipitation anomalies are caused by positive horizonal advection of the mean moist
enthalpy by southwesterly anomalies to the northwestern flank of anticyclonic anomalies excited by the existing La Niiia,
which is skillfully predicted by the model. The leading mode of the unpredictable component is associated with the
atmospheric internal intraseasonal oscillations, which are not initialized in the simulations. The relative contributions of the
predictable and unpredictable components to the observed northward shift of the WPSH at 850 hPa are 28.0% and 72.0%,
respectively.
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Article Highlights:

* Northward shift of low-level component of the western Pacific subtropical high (WPSH) in July 2021 broke the record
held since 1979.

* Predictable and unpredictable components of the WPSH variation in 2021 were identified based on the seasonal
prediction from IAP-DecPreS.

¢ The predictable and unpredictable components are driven by the existing La Nifia and atmospheric internal variability,
respectively.

1. Introduction of Henan Province, which is an inland city in the middle of
China. The formation and maintenance mechanisms of this

During 19-21 July 2021, an unprecedented heavy rainfall  extreme precipitation event have attracted widespread atten-
event caused wrenching scenes of devastation in Zhengzhou tion (Yang et al., 2021; Zhang et al., 2021, 2022; Cheng et
al., 2022; Liang et al., 2022; Nie and Sun, 2022). The event
% This paper is a contribution to the special collection on the July Was listed as one of top climate extremes to occur in China
2021 Zhengzhou, Henan Extreme Rainfall Event. in 2021 that deserve further research (Zhou et al., 2022).
* Corresponding author: Tianjun ZHOU Understanding the mechanism and predictability of this
Email: zhoutj@lasg.iap.ac.cn extreme event, including its possibility of re-occurrence in
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the future, has been the research foci of both the weather fore-
cast and climate research communities.

One of the key large-scale background circulation ano-
malies associated with the Zhengzhou extreme rainfall in
July 2021 is the northward shift of the western Pacific sub-
tropical high (WPSH), which is a semi-permanent anticy-
clonic circulation system in the western north Pacific (Tao
and Chen, 1987) and serves as one of the primary components
of the East Asian summer monsoon (Wu and Zhou, 2008;
Xiang et al., 2013). On the one hand, the southeasterlies at
the west flank of the northward extended WPSH enhance
the westward moisture transportation in cooperation with trop-
ical Typhoon “In-Fa” (2021). On the other hand, the WPSH
inhibits the eastward-moving low vortex over Henan
Province during the extreme rainfall event. Both processes
are favorable for the extremely rapid accumulation of water
vapor on the regional scale (Zhou et al., 2022).

The Pacific—Japan (PJ) pattern, also referred to as the
East Asia—Pacific pattern (EAP), is one of the most important
teleconnections modulating the WPSH and East Asian sum-
mer climate (Nitta, 1987; Huang and Sun, 1992). The PJ pat-
tern is characterized by the correlation relationship between
the convective activity near the Philippine Sea and the rainfall
over midlatitude East Asia. When enhanced (suppressed) con-
vective activity near the Philippine Sea is observed, anticy-
clonic (cyclonic) anomalies tend to arise over the midlatitude
Far East (the western North Pacific) (Kosaka and Nakamura,
2006, 2010). The PJ pattern can be regarded as a dynamical
mode excited in the zonally asymmetric baroclinic basic
flow over East Asia with an efficient self-sustaining mecha-
nism through moist processes (Kosaka and Nakamura,
2006). The PJ pattern includes broadband temporal variability
on the intraseasonal, interannual, and interdecadal time
scales (Kubota et al., 2016; Wu et al., 2016; Tao et al.,
2017; Xu et al., 2019; Sun et al., 2021). On the interannual
time scale, the PJ pattern is closely related to El Nifio—South-
ern Oscillation (ENSO), the Indian Ocean basin wide warm-
ing, and regional air—sea interaction in the tropical western
north Pacific (Chen and Zhou, 2014; Tao et al., 2017). On
the intraseasonal time scale, the convective heating associated
with the Madden—Julian Oscillation (MJO), the boreal sum-
mer intraseasonal oscillation (BSISO), typhoon activity, and
the Rossby wave breaking in the exit region of the Asian jet
can excite the PJ pattern (Yamada and Kawamura, 2007;
Wang et al., 2016; Takemura and Mukougawa, 2020; Ling
and Lu, 2022).

Understanding the formation mechanism of the north-
ward shift of the WPSH in July 2021 is crucial for accurate
climate predictions, but up to now, rarely has any investiga-
tion focused on the predictability of the abnormal WPSH in
July 2021. The main motivation of this study is to address
the following three scientific questions: (1) Why does the
WPSH shift north in July 20217 (2) Can we predict the north-
ward shift of the WPSH? (3) What are the sources and restric-
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tions of the predictability?

2. Model, data, and method

2.1. Model and experiment design

In this study, we used the seasonal to decadal climate pre-
diction system IAP-DecPreS, which was developed by the
State Key Laboratory of Numerical Modeling for Atmo-
spheric Sciences and Geophysical Fluid Dynamics (LASG)
in the Institute of Atmospheric Physics (IAP) of the Chinese
Academy of Sciences (CAS) (Wu et al., 2015, 2018; Hu et
al., 2019, 2020).

The TAP-DecPreS is composed of two parts, the coupled
climate system models FGOLAS-f3-L, and the weakly cou-
pled data initialization scheme EnOI-IAU (Wu et al., 2018).
The FGOLAS-f3-L is one of three versions of the CAS
model that have participated in the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) (Zhou et al., 2020). The
atmospheric component of FGOALS-f3-L is FAMIL (Zhou
et al., 2015; Li et al., 2019), which is established on a finite
volume dynamical core on a cubed-sphere grid with the hori-
zontal resolution approximately equal to 1°x1°. The FAMIL
has 32 layers in the vertical direction, with the top layer at
2.16 hPa (Guo et al., 2020a; He et al., 2020b). The oceanic
component of FGOALS-f3-L is the low-resolution
LICOMS3 (Yu et al., 2018; Lin et al., 2020), which has 360
grid cells in the zonal direction and 218 grid cells in the
meridional direction approximately equal to 1°x1°. To better
resolve the equatorial waves, the meridional resolution
refines from 1° to 0.5° near the equator. The low-resolution
LICOM3 has 30 layers in the vertical direction, which is
10 m per layer in the upper 150 m and divided in uneven verti-
cal layers below 150 m.

The FGOLAS-f3-L can reasonably reproduce the upper-
level South Asian High, the low-level monsoonal circula-
tions, the WPSH, and the mid-Pacific trough, and thus simu-
late the observed climatological vertical shear of meridional
winds in July over the tropical western Pacific (Fig. 1). As
mentioned in previous studies, the vertical shear of the clima-
tological-mean meridional winds is vital for the baroclinic
energy conversion from the basic flow to the perturbations
associated with the PJ pattern (Kosaka and Nakamura,
2006). More details about the FGOALS-f3-L can be found
in He et al. (2020a); Guo et al. (2020b); Guo et al. (2020a);
He et al. (2020b). The EnOI-IAU assimilates the gridded
SST from the HadISST version 1.1 (Rayner et al., 2003)
and the subsurface temperature and salinity profiles from
the EN4 dataset produced by the Hadley Centre (Good et al.,
2013), which form the initial conditions for the FGOLAS-{3-
L to conduct climate predictions.

Toinvestigate the predictability of the large-scale circula-
tion anomalies over East Asia in July 2021, 21-member 3-
month ensemble seasonal forecast runs were conducted
from the end of June in 2021, with initial conditions derived
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from the outputs of the three initialization runs based on the
EnOI-IAU. The time lagged method was utilized to generate
the 21 prediction members. Here, seven start dates from 24
to 30 June were selected. We also used 3-member seasonal
hindcast experiments for the period 2000-20 to remove the
lead-time dependent model drifts, following the procedures
recommended by Boer et al. (2016). The 3-month hindcast
runs initialized from the end of June were conducted once
per year for the period of 2000-20. More details of the experi-
ment designs can be found in Table 1.

2.2. Observational data

In this study, we used monthly and hourly data from
the European Centre for Medium-Range Weather Forecasts
reanalysis ERAS with a horizontal resolution of 0.25°x0.25°
(Hersbach et al., 2020). We also used the monthly sea surface
temperature (SST) data derived from the HadISST version
1.1 at a horizontal resolution of 1°x1° (Rayner et al., 2003).
All the datasets cover the period 1979-2021.

2.3. Analytical method

To understand the processes responsible for the precipita-
tion anomalies over the tropical western Pacific, we diag-
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nosed the atmospheric moisture equation (Seager et al.,
2010; Seager et al., 2012; Chou et al., 2013) as follows:

P=E-<V-Viqd>-<d:8,d >=<V' -Vyg>-
<w’-8,q3 > +NL +Residual , @)

where P is precipitation, ¢ is specific humidity, V is horizon-
tal wind, w is vertical pressure velocity, and p represents
the vertical direction. The angle bracket < > denotes the
mass-weighted vertical integral through the entire atmo-
spheric column. The overbars (primes) represent the climato-
logical monthly mean (monthly anomaly). The horizontal
and vertical moisture advection terms can be divided into
the thermodynamic components (—<V-V,q >—<a-
d,9" >), the dynamic components (—<V’'-V;g>—-<w'-
0,4 >), and the nonlinear components (NL). The “Residual”
denotes the residual term.

To estimate the relative contributions of high- and low-
frequency eddies to the precipitation anomalies at the
monthly time scale, we also used the daily data to diagnose
the column-integrated atmospheric moisture equation at
intraseasonal (10-30 days) and synoptic (<10 days)
timescales. Equation (1) can be rewritten as:

P =E;—<Vf~$,:q*>—<af-5;q*>—<V*r-\V7,E]>—<wf~\64pq>+

E' -< V?;;]” >S—<@-0yq" >—< Vﬁo\Vth>—<w’7~\5;q>—

<V Vug" >-<w 0,4 >—< V"' -V)g* >- <" -8,q" >—

=y -l ,,/\/ ’” A
<V'Vug >—<w 0,4 >=<V"-Vyq" >-<w’-0,q" >+

Residual ,

where the tilde represents the monthly mean. The superscript
% represents the intraseasonal (10-30 days) time scale, and
the superscript " represents the synoptic (<10 days) time
scale. The intraseasonal and synoptic variations of each vari-
able are obtained by the Lanczos filter. On the right hand
side of the equation, the first (second) row is the relative con-
tribution from the intraseasonal (synoptic) variability to the
monthly precipitation anomalies. The third and fourth rows
are contributions from the interactions between intraseasonal
and synoptic variations and synoptic transient processes to
the monthly precipitation anomalies, respectively, the sum
of which are treated as the nonlinear components.

The atmospheric moist static energy (MSE) equation
(Neelin and Held, 1987; Wu et al., 2017) was diagnosed to
investigate the processes driving the anomalous vertical

Table 1. Designs of seasonal climate prediction experiments.

(2)
motions, which is written as follows:
0, <C,T+L,g> +<ud, (C,,T +qu) >'+
<voy (C,,T + qu) > +<wdph> =Fp, (3)

where C,, and L, are the specific heat at constant pressure
and the latent heat of vaporization. T denotes the air tempera-
ture. ¢ is the specific humidity. ¢ denotes the geopotential.
u, v, and w represent the zonal wind, meridional wind, and
vertical pressure velocity, respectively, and x, y, and p repre-
sent the zonal, meridional, and vertical direction, respec-
tively. C,T + L,q is the atmospheric moist enthalpy, and A
denotes the MSE, whichis equal to C, T + L,q + ¢. Fy repre-
sents the net flux into the atmospheric column. The primes

Ensemble
Exp name Integration size Initial condition
Initialization Jan 1950 to Dec 2021 3 Model states in 1 Jan 1950 from three historical
runs
Hindcast  Initiated from the end of each month in each year during 3 Model states in 25th, 28th, 30th of each month in
2000-20, integrated 16 months each year derived from 3 initialization runs
Forecast  Initiated from the end of June in 2021, integrated 3 21 Model states in 24—30 June 2021 derived from 3

months

initialization runs
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Fig. 1. Left panel: Observed climatological July mean (a) horizontal winds at the 150-hPa level (vectors, units: m s™!)
and (c) precipitation (shaded, units: mm d-!) and horizontal winds at the 850-hPa level (vectors, units: m s!) for the
period 1995-2014. The observation derives from ERAS. Right panel: (b, d) as in (a, c), but for the FGOALS-{3-L
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historical simulations.

represent the monthly anomaly. The angle brackets denote
the mass-weighted vertical integral through the entire atmo-
spheric column. The MSE equation can be simplified to

<Wd,h >~Fp,— < u’(ﬂx(CpT + qu) >—
< L‘tax(CpT +qu)/ > —v’6y(C,,T +qu) >—

<99y(CpT +Lyq) >~ <@d,h' > +NL,
“4)

where NL is the nonlinear term. The bars (primes) represent
the climatological monthly mean (monthly anomaly).
The anomalous net flux into the atmospheric column
(F.) can be written as:
F/

net

=R jua + Rljear +S'+LH +SH’, %)
where S’ represents the net shortwave radiative flux anoma-
lies into the atmospheric column from the surface and the
top of atmosphere. The net longwave radiative flux anomalies
into the atmospheric column from the surface and the top of
atmosphere can be separated into clear-sky and cloud-
related components (R/,., and R ). LH’ represents the
latent heat anomalies, and SH’ represents the sensible heat
anomalies.

The 3D wave-activity flux calculated in this study paral-
lels that of Takaya and Nakamura (2001). The PJ pattern in
July is defined as the leading singular vector decomposition
(SVD) mode for the 500-hPa geopotential height field over
East Asia (10°-70°N, 100°-160°E) and precipitation over
the Philippines (10°-30°N, 125°-155°E), following Tao et
al. (2017). Before the SVD analysis, both the precipitation
anomalies and the 500-hPa geopotential height (Z500) anoma-
lies are standardized and weighted by the square root of
cosine of latitudes. SVD analysis also has been used in previ-

ous studies to define the PJ pattern at daily time scales (Sun
et al., 2021).

Following Boer et al. (2018), the predictable variabilities
in the forecast are estimated as the ensemble mean, while
the unpredictable or “noise” components are the deviations
of each member to the ensemble mean (ensemble spread),
which are assumed to be independent among the ensemble
members and to average to zero for a sufficiently large ensem-
ble. In this study, we conducted the empirical orthogonal func-
tion (EOF) analysis to the ensemble spread to derive the lead-
ing modes of the unpredictable variabilities. To measure the
intensity of the northward shift of the WPSH, we defined
the Z850 dipole index, which is calculated based on the differ-
ence of geopotential height anomaly averaged over the low
latitudes (20°-35°N, 110°-150°E) and midlatitudes (40°-
55°N, 120°-160°E) of the East Asian coastal region. The pre-
cipitation anomalies averaged over the western tropical
Pacific (15°-30°N, 125°-155°E) is defined as the WP-PR
index. The Nifio-3.4 index is the area-averaged SSTAs in
5°S-5°N, 170°-120°W. The student’s ¢ test was used to esti-
mate the significance of regression and correlation analysis.

3. Observational analyses

In July 2021, the most prominent atmospheric circulation
anomalies over East Asia were the meridional dipole pattern
of geopotential height anomalies at both upper and lower lev-
els, with positive geopotential height anomalies over the
North Pacific surrounding the Japan Sea and negative anoma-
lies around the Philippine Sea, respectively (Figs. 2a, b).
The anticyclonic anomalies over the midlatitudes show an
equivalent barotropic structure and exhibit a zonally elon-
gated shape throughout nearly the whole North Pacific. In
contrast, the cyclonic anomalies over the low-latitudes Philip-
pine Sea are confined in the lower level. The year-by-year out-



414

hPa

(a) Z@500

60N -
40N
20N )
0 1/
20S T T T T T 1
40E 80E 120E 160E  160W  120W 80W
6 -5 4 3 -2 1 0505 1 2 3 4 5 6

80N
60N
40N
20N
0
20S
40E 80E  120E  160E  160W 120W  80W
-2 -1 -08 -06 -04 -0.2 -0.1 0.1 0.2 04 06 08 1 1.2
(e) Z850 dipole & -Nifio3.4 index
3.0
40
— COR=0.36
E F 20
£ o
5 F10 >
= £
©
£ —+ o0 2
8 s
S F 1.0 3
15
L 20

PREDICTION OF THE ABNORMAL WPSH IN JULY 2021

VOLUME 40

(b) Z@850hPa

80E 120E 160E  160W  120W 80w

(d) PR & UV@850hPa

80N =

60N - £ S
40N - e
20N {0 A G
0 - AN }'
)] N \':&Z"’?\ =)
20S SSRGS
40E  80E  120E  160E  160W 120W  80W
I I I I [ ee—
-5 -4 -3 -2 -1 1 2 4 6 8
(f) Z850 dipole & WP-PR index
6.0 __
40 A >
_ COR=0.69* 5
E F 40 £
z £
2 oo 5
= 5
k= —t 00 &
2 c
g s
o F 20 8
8- s
L a0 &

R & & &° N

Fig. 2. Spatial distributions of (a) geopotential height anomaly at 500 hPa (units: gpm), (b) geopotential height anomaly at
850 hPa (units: gpm), (c) SSTA (units: °C), and (d) precipitation anomaly (units: mm d-!) and 850-hPa horizontal wind
anomaly (units: m s~1) in July 2021. Time series of (e) the July Z850 dipole index and the Nifio-3.4 index (the Nifio-3.4
index is multiplied by —1), and (f) the July Z850 dipole index and the area-averaged precipitation anomalies over the western
tropical Pacific (WP-PR index) for the period 1979-2021. Correlation coefficients between the two indices (COR) are noted
at the top left of (e, f), with the asterisk (*) representing significance at the 99% level. The Z850 dipole index is defined as
the difference of geopotential height anomaly averaged over Box-A (15°-30°N, 110°-150°E) and Box-B (35°-50°N,
120°-160°E) in (b). The WP-PR index is defined as the precipitation anomalies averaged over Box-C (15°-30°N, 125°-

155°E) in (d).

lines of the WPSH in July at 850 hPa, 700 hPa, 600 hPa,
and 500 hPa for the period 1979-2021 are shown in Fig. 3.
Consistent with the geopotential height anomalies, the tropi-
cal component of the WPSH in 2021 is weakened and
shifted eastward, while the northward shift of the subtropical
component is the strongest since the year 1979. In addition,
the northward shift of the WPSH in 2021 is more prominent
in the low levels. These circulation anomalies indicate that
the WPSH shifts northward in July 2021, and the northward
shift in the 850-hPa level breaks the record held since the
year 1979. To measure the intensity of the northward shift
of the WPSH, we calculated the difference of the 850-hPa
geopotential height anomalies between the low latitudes and
midlatitudes (the Z850 dipole index hereafter), which is
shown as the black line in Fig. 2e. It is evident that the north-
ward shift of the WPSH in July 2021 is the strongest since

the year 1979, with the value reaching 36.8 gpm.

Why is there such an extreme northward shift of the
WPSH in July 2021? The underlying SSTAs have the same
sign as the abnormal meridional dipole circulation pattern,
with warm (cold) SSTAs underneath the anticyclonic
(cyclonic) anomalies, implying that these SSTAs were
driven by the local atmospheric forcings. Midsummer of
2021 experiences the decaying and secondary reinforcing
stage of the La Nifia event of the preceding winter (https://ori-
gin.cpc.ncep.noaa.gov/), and thus, there are La Nifia-type
negative SSTAs in the tropical central to eastern Pacific
(Fig. 2c). Does the concurrent La Nifia sufficiently explain
the northward shift of the WPSH in July 2021? We examined
the relationship between the July Nifio-3.4 index and the
7850 dipole index for the period 1979-2021 (Fig. 2e).
Although the correlation coefficient between the two
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Fig. 3. The western Pacific subtropical high (WPSH) at (a) 850 hPa, (b) 700 hPa, (c) 600 hPa, and (d) 500 hPa in
July. The WPSH at 850 hPa, 700 hPa, 600 hPa, and 500 hPa are denoted by the 1470-, 3130-, 4390- and 5880-gpm
contour of geopotential height, respectively. The bold black lines represent the climatology for the period of
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1979-2021. The red and light gray lines represent the cases in 2021 and other years, respectively.

indices reaches —0.36 (significant at the 95% level), the July
Nifo-3.4 index in 2021 is not as extreme as the Z850 dipole
index, and thus, the La Nifia event only partly contributes to
the northward shift of the WPSH and cannot fully explain
its total intensity. The anomalous cyclone over the Philippine
Sea can be explained well by the enhanced convective activity
in terms of the Gill model (Gill, 1980) (Fig. 2d), and the
anomalous anticyclone over the midlatitude Far East is remi-
niscent of the response of the PJ pattern, which also has a
close relationship with the abnormal convective activity in
the Philippine Sea. We found that the convective activity
over the western tropical Pacific explains the interannual vari-
ability of the Z850 dipole index well, with the correlation
coefficient reaching 0.69 (significant at the 99% level), and
the extremely strengthened precipitation over the western trop-
ical Pacific in July 2021 is in accord with the variability of
the Z850 dipole index (Fig. 2f).

The significant correlation between the meridional atmo-
spheric dipole pattern and the tropical convection indicates
the contribution of the PJ pattern. Given that the PJ pattern
manifests itself as a quasi-stationary Rossby wave train in
the lower troposphere emanating from tropical convection
near the Philippines, here we used the SVD analysis to
extract the PJ pattern. The first SVD modes for the 500-hPa
geopotential height field over East Asia (10°~70°N, 100°
—160°E) and precipitation over the Philippine Sea (10°—
30°N, 125°-155°E) are shown in Figs. 4a and b and explain

65.2% of the total squared covariance. The homogeneous
map of 500-hPa geopotential height anomalies associated
with the first SVD mode shows a meridional dipole pattern
over East Asia, featuring a typical PJ pattern (Fig. 4a),
which is closely related to the convective heating over the
Philippine Sea (Fig. 4b). The correlation coefficient
between the two expansion coefficients of the first SVD
modes is 0.82 (significant at the 99% level). The standardized
expansion coefficients of the first SVD indicate that the
enhanced convective activity excited a strong PJ pattern in
July 2021 (Fig. 4c¢).

The specific characteristics of the PJ pattern in July
2021 are shown in Fig. 5. The upper-level circulation anoma-
lies are shifted meridionally relative to the low-level anoma-
lies by about a quarter wavelength, with an apparent poleward
phase tilt with height. The Rossby waves propagate northward
in the lower troposphere and southeastward in the upper tropo-
sphere (Fig. 5a), consistent with the idea that the PJ pattern
is a superposition of the barotropic and baroclinic modes
(Kosaka and Nakamura, 2006, 2010). As seen from the merid-
ional section, the PJ pattern in July 2021 reached downstream
to North America through the eastward propagation of station-
ary Rossby waves (Fig. 5b), which is also consistent with
the results of previous studies (Kosaka and Nakamura,
2006; Zhu and Li, 2016, 2018; Sun et al., 2021). The eastward
propagation of the stationary Rossby waves resembles the sec-
ond mode of the teleconnection linking summertime precipita-
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Fig. 4. Spatial distributions of (a) the 500-hPa geopotential height anomalies (units: gpm) and (b) precipitation
anomalies (units: mm d-!) associated with the first SVD mode between the July 500-hPa geopotential height field
over East Asia (10°-70°N, 100°-160°E) and July precipitation over the Philippines (10°-30°N, 125°-155°E). The
hatching denotes values exceeding the 95% confidence level. (c) The expansion coefficients of the first SVD mode.
The black (red) line is for the 500-hPa geopotential height (precipitation).

tion variability over East Asia and North America proposed
by Lau and Weng (2002), which possibly stems from
Rossby wave dispersion from fluctuations of large-scale
heat sources. The PJ pattern in July 2021 moved northward
by about 10 degrees as compared with the normal condition.

The above analysis shows that the large-scale atmo-
spheric circulation anomalies associated with the Zheng-
zhou extreme rainfall in July 2021 are results of the northward
shift of the WPSH, the amplitude of which is the strongest
since 1979. The circulation anomalies are closely linked
with the enhanced convective activity over the Philippine
Sea, which influences the WPSH via exciting the PJ pattern.
So, can we predict the northward shift of the WPSH in July
20217 We address this issue in the next section.

4. Ensemble seasonal forecast

To investigate the predictability of the northward shift
of the WPSH in July 2021, we conducted 21-member 3-
month ensemble seasonal forecasts initialized from the end
of June in 2021 based on the IAP-DecPreS, which assimilates
the observed oceanic data (including the SST and subsurface
temperature and salinity profiles). The most important

source of seasonal predictability stems from the oceanic varia-
tion, and thus, we first investigate the prediction of SSTA in
July 2021 (Fig. 6). The forecasts from individual ensemble
members are in agreement with each other and can predict
the observed spatial distribution of SSTA well, with the
uncentered pattern correlation coefficient (PCC) between
the forecast and the observation ranging from 0.32 to 0.62.
Compared with forecasts from individual members, the
ensemble mean forecast has the highest prediction skill of
PCC, and it reasonably reproduces the observed negative
SSTA in the tropical central to eastern Pacific and positive
SSTA in the eastern tropical Indian Ocean, the North
Pacific, and the tropical South Atlantic (Fig. 6).

In contrast, predictions of the 850-hPa atmospheric circu-
lation over the Northern Hemisphere show spread among
the ensemble members (Fig. 7). The prediction skill of indi-
vidual members for this feature is lower than the prediction
skill for the SSTA, with PCCs in 18 out of 21 members
below 0.3 (Table 2). The ensemble mean, which is usually
regarded as the predictable component in the forecasts,
exhibits positive 850-hPa geopotential height anomalies
over the midlatitude Far East, suggesting that the northward
shift of the WPSH in July 2021 stems at least partly from
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(a) Vorticity & TN-flux averaged over 125°-155°E
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Fig. 5. Relative vorticity anomalies (shaded, units: 10-6 s~1) for (a) the meridional sections
averaged between 125°-155°E and (b) the zonal sections averaged between 40°-50°N. The
3D TN wave activity fluxes are shown by vectors (units: m? s-2), where the vertical

components have been multiplied by 100.

the predictable component induced by the initial oceanic con-
ditions. There are two realizations (#21 and #16) matching
the observations closely, with PCC reaching 0.70 and 0.54,
respectively, indicating that the unpredictable or “noise” com-
ponent also plays a vital role. Hence, we focus on the respec-
tive impacts of the predictable and the unpredictable compo-
nents of the northward shift of the WPSH in the following sec-
tions.

4.1. Predictable variability

Figure 8 shows the predictable variability of the large-
scale circulation and precipitation anomalies in July 2021,
which are derived from the 21-member ensemble mean of
the forecasts by IAP-DecPreS. There are positive geopotential
height anomalies over northeastern East Asia at both the
500-hPa and 850-hPa levels (Figs. 8a, b), suggesting that
part of the variability of the WPSH in July 2021 is pre-
dictable, and the IAP-DecPreS can predict the northward
shift of the WPSH at a 1-month lead. The predictability
stems from the positive precipitation anomalies over the
South China Sea and the tropical western Pacific, which
excite a PJ pattern with cyclonic (anticyclonic) anomalies
over the South China Sea and the tropical western Pacific
(northeastern East Asia), respectively (Fig. 8c). The relative

vorticity anomalies with a poleward phase tilt with height
and the northward propagation of the Rossby waves are con-
sistent with the observations. The prediction shows a north-
ward propagation of Rossby waves in the upper troposphere,
instead of the observed southeastward propagation (Figs. Sa
and 8d). The predictable PJ pattern is confined over the
coastal regions of East Asia, and the intensity of the north-
ward shift of the WPSH is weaker than that seen in the obser-
vations. The predicted Z850 dipole index in the ensemble
mean prediction is 10.3 gpm, which is about 28.0% of the
observed value.

What is the mechanism of the predictable signal? We
diagnosed the moisture equation [Eq. (1)] to the precipitation
anomalies over the tropical western Pacific (10°-25°N, 125°
—150°E). The results show that the positive precipitation
anomalies are caused by the positive anomalous advection
of the climatological vertical moisture by ascending anoma-
lies (- <w’-8,g>) (Fig. 9a). In the tropical regions with
deep convection, the gross moist stability is usually positive
and the 9, h is usually less than O (Back and Bretherton,
2006), and thus, the positive terms on the right-hand side of
Eq. (4) can drive anomalous ascending motion to keep the
MSE budget balance (Biasutti et al., 2018). MSE budget anal-
ysis over the tropical western Pacific (10°-25°N, 125°-
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Fig. 6. Spatial distributions of the observed and predicted global SSTA (units: °C) in July 2021. The observation and
ensemble mean forecast are shown on the left and the right of the first row. Forecasts from individual members are shown
below the first row. PCC is the uncentered pattern correlation coefficient. The forecasts by the IAP-DecPreS are started
from the end of June in 2021.
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Fig. 7. As in Fig. 5, but for the 850-hPa geopotential height anomalies (units: gpm) over the Northern Hemisphere.

Table 2. The uncentered pattern correlation coefficient (PCC) between the forecasts and the observations for 850-hPa geopotential
height field and SSTA in Figs. 6 and 7.

PCCsst PCCzss0 PCCssr PCCzss0
Ens. Mean 0.62 0.29 Mem #11 0.53 0.26
Mem #1 0.32 -0.40 Mem #12 0.57 0.31
Mem #2 0.53 0.02 Mem #13 0.57 0.22
Mem #3 0.39 -0.07 Mem #14 0.55 0
Mem #4 0.45 -0.28 Mem #15 0.48 0.25
Mem #5 0.43 0.21 Mem #16 0.57 0.54
Mem #6 0.52 -0.21 Mem #17 0.56 0.25
Mem #7 0.35 -0.25 Mem #18 0.51 0.08
Mem #8 0.48 0.08 Mem #19 0.42 0.19
Mem #9 0.49 0.07 Mem #20 0.41 -0.20
Mem #10 0.56 0.13 Mem #21 0.62 0.70
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Fig. 8. The 21-member ensemble mean predicted (a) 500-hPa geopotential height anomalies (units: gpm), (b) 850-hPa geopotential
height anomalies (units: gpm), (c) precipitation (shaded, units: mm d-!) and 850-hPa horizontal wind (vector, units: m s~) anomalies,
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150°E) indicated that the < w'd,h > term is primarily bal-
anced by positive net energy flux anomalies (7, ) and the hor-

izontal advection of climatological enthalpy by wind anoma-
lies (-< u’ax(CpT +qu) > and —< v’ay(C,,T +qu) >),
which represent two different physical processes.

The Fj. is determined by the cloud-related longwave
radiative flux anomalies (Ré10u 4 and the surface latent heat
anomalies (LH'). The R!, .4 1s generated by internal positive
feedback between convection and cloud radiative forcing in

(a) Rc,loud

50N
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the tropical atmosphere (Bretherton and Sobel, 2002; Su
and Neelin, 2002; Neelin and Su, 2005). When the convection
over the tropical western Pacific is enhanced, the deep convec-
tive clouds and associated cirrostratus and cirrocumulus will
increase, which leads to a net warming of the atmospheric
column, a further weakening of the gross moist stability of
the atmospheric column, and thus an enhancement of the
ascending flow and convective activities (Fig. 10a). The
positive LH anomalies are associated with the strengthened

(b) LH'
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Fig. 10. Spatial distributions of (a) the cloud-related longwave radiative flux anomalies (R, ), (b)
the surface latent heat anomalies (LH'), (c) the zonal advection of climatological enthalpy by wind

anomalies (—<u’6x(CpT+qu) >), and (d) the meridianal advection of climatological enthalpy by

wind anomalies (- < v’By(CpT+qu) >). (e) the July 925-hPa climatological specific humidity
(shading; units: kg kg-!) and 925-hPa horizontal wind anomalies in the 21-member ensemble mean

predictions by IAP-DecPreS.
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low-level summer monsoon circulations, which enhance sur-
face evaporation and thus heat the atmospheric column and
lead to ascending anomalies (Fig. 10b). The terms
-< u’ax(Cl,T +qu) >and — < v’c?y(C,,T +qu> > are domi-
nated by the anomalous horizontal advections of climatologi-
cal latent heat energy by wind anomalies (Figs. 10c, d),
which are more prominent at the low levels (not shown). At
the 925-hPa level, the July climatological specific humidity
over the tropical western Pacific is greater than the surround-
ings due to the outbreak of the western Pacific summer mon-
soon, which induces the positive meridional gradient of clima-
tological specific humidity over the subtropical regions
(Fig. 10e). The negative convective heating associated with
the La Nifia induces a pair of anomalous anticyclones over
the tropical Pacific, one in both the Northern and Southern
Hemisphere. There are southwesterlies at the west edge of
the northern anticyclone, which strengthen the monsoonal cir-
culations and induce the positive moisture enthalpy advection
anomalies over the tropical western Pacific (Fig. 10e).

The above analysis demonstrates that the predictable com-
ponent of the northward shift of the WPSH is related to the
PJ pattern, which originates from the tropical circulation
anomalies associated with the La Nifia event and associated
local positive cloud-radiation and wind—-SST-evaporation

PREDICTION OF THE ABNORMAL WPSH IN JULY 2021
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feedbacks.

4.2. Unpredictable variability

The predictable component only contributes 28.0% of
the observed WPSH variation in July 2021, and thus, the
remaining 72.0% of the variation is associated with the unpre-
dictable component. The leading modes of the unpredictable
variability of the circulation anomalies are obtained by per-
forming EOF analysis on the ensemble spread of the 500-hPa
geopotential height anomalies over northeastern East Asia
(20°-60°N, 110°-170°E). The first two EOF modes account
for 49.5% and 17.4% of the total variance, respectively. The
first EOF (EOF1) shows a meridional tripole pattern of geopo-
tential height anomalies over the coastal regions of East
Asia, with negative anomalies over the northern part of the
Philippine Sea and the Bering Strait and positive anomalies
over the northern part of Japan (Fig. 11a). The second EOF
(EOF2) exhibits more prominent geopotential anomalies
over the midlatitude to high-latitude regions, with weak posi-
tive anomalies to the east of Japan (Fig. 11b). Relationships
between the normalized principal components corresponding
to the first two EOF modes (PC1 and PC2) and the ensemble
spread of the Z850 dipole index are shown in Figs. 11b and
d. The predicted Z850 dipole index in the ensemble members
ranges from -53.4 gpm to 62.2 gpm, which covers the

(b) PC1 & Z850 dipole index
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Fig. 11. Spatial distributions of the 850-hPa geopotential height anomalies (units: gpm) associated with (a) the first EOF
mode (EOF1) and (c) the second EOF mode (EOF2) of the ensemble spread of the forecasts. Variance contributions of the
two EOF modes are noted in the parentheses. Relationships between predicted Z850 dipole index and (b) the normalized
principal component (PC) corresponding to the first EOF mode (PC1) and (d) the normalized PC corresponding to the
second EOF mode (PC2). The correlation coefficients between PC1 (PC2) and the predicted Z850 dipole index are shown in
the legends. The black line in (b) is the linear fitting equation between PC1 and the predicted Z850 dipole index. The blue
triangle represents the observation, for which the PC value is estimated through the linear fitting equation in the model world.
The hatching in (a, c) denotes values exceeding the 95% confidence level.
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observed value of 36.8 pgm. EOF1 has a closer correlation
relationship with the original prediction than EOF2, with
the correlation coefficient reaching 0.99 (significant at the
99% level). The agreement between the observed Z850
dipole index and the predictions in the members with
greater loading of EOF1 indicates that the combination of
the predictable component and the extreme positive phase
of EOFI can reproduce the observed northward shift of the
WPSH in July 2021. The low correlation coefficient
between PC2 and the ensemble spread of the Z850 dipole
index indicates that EOF2 is not the main factor dominating
the unpredictable variability (Fig. 11d), and we further verify
that EOF2 is associated with the midlatitude wave train over
Eurasia (not shown). In the following analysis, we focus on
the formation mechanism of EOF]1.

AL. 423
The circulation, precipitation, and SST anomalies associ-
ated with EOF1 are shown in Fig. 12. EOF1 exhibits a typical
PJ pattern, with the upper-level circulation anomalies
shifted meridionally relative to the low-level anomalies by
about a quarter wavelength and northward (southeastward)
propagation of the Rossby waves in the lower (upper) tropo-
sphere (Figs. 12a, c, e). There are no significant SSTAs asso-
ciated with EOF1 except for those in the northern Pacific,
which are below the centers of the PJ pattern-related anoma-
lous atmospheric activity (Fig. 12b), indicating that EOF1 is
independent of the SSTA’s forcing. The PJ pattern of EOF1
is closely related to the monthly precipitation anomalies
over the tropical western Pacific (Fig. 12d), which was sug-
gested to be internally generated by both the intraseasonal
and synoptic variabilities (Kawamura and Ogasawara, 2006;
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Fig. 12. Regressions of the ensemble spread of (a) relative vorticity (shaded; units: m? s-2) and TN-flux (vector, units: m2 s-2)
anomalies at 200 hPa, (b) SSTA (units: °C), (c) relative vorticity (shaded; units: m? s~2) and TN-flux (vector, units: m? s-2)
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110°~130°E, and (f) 850-hPa eddy kinetic energy (units: m? s—2) at a time scale of 10-30 days onto the normalized principal

component (PC) corresponding to the first EOF mode (PC1)

of the ensemble spread of the forecasts in July 2021. The

hatching denotes values exceeding the 95% confidence level. The triangles in (a, ¢, d, f) represent the center of precipitation

anomaly over the western tropical Pacific.
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Yamada and Kawamura, 2007; Wang et al., 2016).

To determine what kind of internal variability induces
the EOF1-related precipitation anomalies over the tropical
western Pacific, we diagnosed the column-integrated atmo-
spheric moisture equation at intraseasonal (10-30 d) and syn-
optic (<10 d) time scales based on the daily data. The moisture
budget associated with EOF1 indicates that the precipitation
anomalies over the tropical western Pacific at the monthly
time scale are dominated by the intraseasonal variability
(Fig. 13). This is further confirmed by the significant 850-hPa
eddy kinetic energy at a time scale of 10-30 days over the
tropical western Pacific associated with EOF1 (Fig. 12f).
Hence, different from the La Nifia-forced PJ pattern, the PJ
pattern related to EOF1 here is generated by the atmospheric
internal processes due to intraseasonal variability.

5. Conclusion and discussion

One of the dominant atmospheric circulation systems
accompanying the unprecedented Zhengzhou extreme rain-
fall in July 2021 was the northward shift of the WPSH. The
predictability of the anomalous WPSH activity is investigated
by combining observational analysis with ensemble seasonal
prediction hindcast experiments using the IAP-DecPreS cli-

(a) PR (total) (b) Dynamic (total)

50N
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mate prediction system. Both the predictable and unpre-
dictable components of the WPSH variability are identified
with physical mechanisms being clarified. The main conclu-
sions are summarized below.

1) The observational analysis reveals that the large-
scale atmospheric circulation anomalies associated with the
Zhengzhou extreme rainfall in July 2021 are part of the north-
ward shift of the WPSH, which is the strongest observed
since the 1979. The intensity of the northward shift of the
WPSH cannot be solely explained by the concurrent weak
La Nifia event and is closely related to the convection activity
over the tropical western Pacific, which modulates the
WPSH via exciting the PJ pattern. The specific PJ pattern in
July 2021 has a larger intensity and shifts northward, which
is responsible for the abnormal northward shift of the
WPSH in July 2021.

2) The predictability of the northward shift of the
WPSH in July 2021 is examined by using 21-member 3-
month ensemble seasonal predictions using the IAP-
DecPreS climate prediction system. The ensemble mean rea-
sonably predicts the positive 850-hPa geopotential height
anomalies over the midlatitude Far East, but the intensity is
weaker than that seen in the observations. The predictions
from two ensemble members closely match the observations

(c) Thermodynamics (total)  (d) Nonlinear (total)
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Fig. 13. Regressions of the ensemble spread of moisture budgets onto the normalized principal component (PC)
corresponding to the first EOF mode (PC1) of the ensemble spread of the forecasts in July 2021 at time scales of (a—d)
monthly, (e-h) 10-30 days, and (i-1) less than 10 days. (a, e, i) precipitation anomalies and (b, f, j) the dynamic components,
(c, g, k) the thermodynamic components, and (d, h, 1) the nonlinear components of the anomalous moisture advection. The

hatching denotes values exceeding the 95% confidence level.
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in the context of both the spatial pattern and intensity. The rel-
ative contribution of the predictable and unpredictable compo-
nents to the observed WPSH variation in July 2021 are 28.0%
and 72.0%, respectively.

3) Both the predictable and unpredictable components
of the WPSH variation are identified by analyzing ensemble
predictions. The predictable component stems from the pre-
dictable positive precipitation anomalies over the tropical
western Pacific. These positive precipitation anomalies are
induced by the tropical anticyclonic anomalies associated
with the La Nifia-related negative convective heating anoma-
lies over the tropical Pacific. The southwesterlies at the west-
ern edge of the anomalous anticyclone induce positive anoma-
lous advection of climatological moisture enthalpy into the
tropical western Pacific and strengthen the low-level summer
monsoon circulations and local evaporation; both processes
enhance the atmospheric MSE and, thus, drive anomalous
ascending motion to strengthen the precipitation. The unpre-
dictable component is the PJ pattern generated by the atmo-
spheric internal intraseasonal oscillations. The superposition
of the predictable variabilities and the positive phase of the
internally generated PJ pattern can reproduce the observed
northward shift of the WPSH in July 2021.

There are two implications of this study. The first is for
studies based on observational data; the contribution of
intraseasonal variability over the western tropical Pacific to
the observed northward shift of the WPSH in July 2021
deserves further attention. The second implication is for the
further development of the IAP-DecPreS; an accurate predic-
tion of the intraseasonal variability should be of high priority
in the efforts devoted to improving the prediction skill of
East Asian summer climate. In addition to the prediction of
large-scale circulation at both seasonal and intraseasonal
time scales, an accurate prediction of such extremes also
needs to consider the impact of Typhoon “In-Fa” (2021)
and local processes at the synoptic time scale. We hope that
the development of Convection Permitting Models (CPMs)
will help us to increase the prediction skill. As a final note,
this study is based on 21-member seasonal forecast experi-
ments using a single model. Possible model dependence of
the results and incomplete isolation between predictable and
unpredictable variabilities due to limited ensemble members
deserves further assessment by using large ensemble seasonal
forecast experiments of multiple models.
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