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Abstract
The East Asian summer monsoon (EASM) is a unique regional monsoon in the subtropics involving not only
tropical but midlatitude processes. Most of the previous studies identified the role of condensational heating
which is largely relevant to the tropical moisture transport in determining the dynamical structure of EASM.
However, how midlatitude synoptic eddy activities can affect the EASM structure has not been well
recognized. With dynamical diagnoses, this study revisits the EASM structure by emphasizing the roles of
feedbacks of condensational heating versus synoptic eddy activities. As EASM is characterized by a grand
low-level low with strong humid southerly flows extending from the tropics to the northeastern Asia, its
vertical structure is found to have a distinct meridional difference bounded at around 35.5oN. In the
southern domain, EASM features a meridional overturning cell and a baroclinic structure with an upper-level
high versus a lower-level low in geopotential height, which are primarily controlled by substantial
condensational heating due to abundant monsoon precipitation. However, in the northern domain, EASM
exhibits an equivalent barotropic structure with an upper-level low versus a lower-level low. Such a unique
structure results from a combined effect of feedbacks of condensational heating and synoptic eddy
activities, in which the upper-level low is dominated by the synoptic eddy dynamical feedback while the
lower-level low is induced by the both feedbacks. The role of the midlatitude transient eddy activities in
shaping the EASM structure proposed in this study provides a new perspective for understanding the
formation and variation of EASM.

1. Introduction
The East Asian summer monsoon (EASM) is a distinctive and prominent regional component of the grand
Asian summer monsoon system which features a prominent seasonal reversal of prevailing winds and an
abrupt change from dry to wet climate (Ramage 1971; Tao and Chen 1987; Wester and Yang 1992; Lau
1992; Ding 1994; Wester et al. 1998; Lau et al. 2000; Li and Zeng 2003; Wang et al. 2011, 2012; An et al.
2015). Substantial variation of EASM can cause weather and climate disasters in the densely populated
East Asia (Wang et al. 2005; He et al. 2007; Ding et al. 2008, 2009; Chang et al. 2012; Li et al. 2016; Zhou et
al. 2018).

Like the South Asian summer monsoon, another subcomponent of the Asian summer monsoon system, the
EASM flows mainly come from tropical regions. However, EASM cannot be just considered as the eastward
and northward extension of the South Asian summer monsoon (Zhu 1934; Yeh et al. 1957; Zhu et al. 1986;
Tao and Chen 1987; Lau et al. 2000; Ding and Chan 2005; Huang et al. 2017). EASM can bring abundant
moisture and rainfall by intense low–level southerlies from the tropics towards midlatitudes (Tao and Chen
1987; Ding et al. 1994; He et al. 2007; Lau et al. 2000; Wang and Lin 2002; Wang et al. 2004). Meanwhile,
EASM is also closely related to the midlatitude circulation systems. The EASM rainybelt is intimately
associated with the frontal zone where the northward warm–moist flow meets with the cold air from the
mid–high latitudes. Thereby, in addition to the tropical and subtropical circulation systems such as the
monsoonal trough and the subtropical high, the mid–high latitude troughs and ridges that can affect the
thermal and dynamical conditions of EASM should also be considered in the complete EASM system (Ding
and Chan 2005; He et al. 2007; Ding et al. 2018). Given those natures, Wang and Lin (2002) defined the



Page 3/34

EASM domain within 20o–50oN and 110o–140oE, a region mostly in the subtropics, distinguishing it from
the South China Sea summer monsoon. And even, Molnar et al. (2010) insisted that EASM should be
defined as a frontal system rather than a “monsoon” in terms of its distinctly extratropical natures. No
matter what way of the identification, it comes to an agreement that EASM is extremely complicated for its
hybrid natures.

To understand the complex natures of EASM, great efforts have been made to investigate the formation
mechanisms responsible for EASM. Most of the previous studies identified the roles of various thermal
processes in the EASM formation, in which the seasonal variation of solar radiation (Halley 1686; Tao and
Chen 1987; Ding 1994; Lau et al. 2000; Li and Zeng 2003; Zhao and Wang 2014) and the thermal contrast
between land and ocean (Luo and Yanai 1983; Li and Yanai 1996; Sun et al. 2001; Liang et al. 2006; Qi et al.
2008) are widely believed to be the two fundamental thermal factors. The elevated sensible heating by the
Tibetan Plateau is proposed to be another factor for the monsoon formation (Ye 1981; Ye and Wu 1998; Yeh
1982; Wu and Liu 1998; Wu and Zhang 1998; Ueda and Yasunari 1998; Ye and Wu 1998; Liu et al. 2001,
2012; Yanai and Wu 2006; Kripalan et al. 2010; Molnar et al. 2010; Qiu 2013; Ma et al. 2014; Wu et al. 2007,
2012a, 2012b, 2015a, 2018). Besides, the deep condensational heating generated from the latent heat
release of monsoonal rainfall dominates the diabatic heating over East Asia and feedbacks onto the EASM
itself (Jin et al. 2013). The feedback of condensational heating is not only in favor of the South China Sea
summer monsoon onset (Liu et al. 2002; Wen et al. 2004), but also contributes to the amplification and
maintenance of the EASM circulation (Li and Luo 1988; He et al. 1989; Wu and Liu 1998; Wu et al. 1999; Liu
et al. 2002, 2004; Wen et al. 2004). Based on numerical experiments, Jin et al. (2013) confirmed that the
condensational heating feedback caused by monsoon rainfall acts to largely enhance low–level flows of
the EASM and essentially determine its baroclinic vertical structure and meridional cell, once the solar
radiation and the inhomogeneity of the Earth’s surface induce low–level monsoon flows in East Asia by
enhancing land–sea thermal contrast.

However, as the EASM flows march northward into the midlatitudes, EASM exhibits some midlatitude
characteristics (Tao and Chen 1987; Zhang and Tao 1998; Wu 2002; Ding and Chan 2005). The midlatitude
circulation favors the vigorous genesis of synoptic transient eddies which can feedback onto the mean flow
through redistributing the momentum and heat (Holopainen et al. 1982; Lau and Oort 1982; Lau and
Holopainen 1984; Luo 2005a, 2005b; Luo et al. 2007; Ting et al. 2001; Zhang et al. 2009). Various previous
studies pointed out the importance of transient eddy feedback to the seasonal–mean atmospheric
circulation anomalies (Nakamura et al. 2002; Chen et al. 2013; Leung and Zhou 2015; Fang and Yang 2016).
Although transient eddy activities are relatively weak in summer, there is increasing evidence showing
significant impacts of transient eddy activities on EASM and the associated climate anomalies. For
example, active transient eddies at mid–high latitudes tend to enhance the rainfall in the Yangtze–Huaihe
River Basin by inducing more southward invasion of cold air (Tan 2008; Dong et al. 2006). Synoptic–scale
geopotential height anomalies in the upper troposphere and temperature anomalies in the mid–lower
troposphere are the early signals for the summer low–temperature events in northeastern China (Qian et al.
2014). Anomalous transient eddy activities in summer can induce the anomalous southerlies over eastern
China (Park et al. 2015), the interannual meridional displacement of the East Asian subtropical jet (Xiang
and Yang 2012), and the decadal changes of EASM around the early 1990s (Chen et al. 2016).
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Since the warm and humid southerlies of EASM can meet the cold and dry northerlies, that is the front
genesis, in the midlatitudes, the atmospheric baroclinicity enhances, favoring synoptic transient eddy
activities. Whether and how the transient eddy can feedback onto EASM have not been well explored before.
In this study, we try to revisit the EASM structure in which the roles of feedbacks of condensational heating
versus synoptic eddy activities are particularly identified through dynamical diagnoses in terms of the
seasonal mean quasi–geostrophic potential vorticity equation (Holton 1979; Lau and Holopainen 1984;
Fang and Yang 2016). The rest of paper is organized as follows. Section 2 describes the data and methods
used. Section 3 presents a complete picture of the EASM structure. Section 4 and Section 5 explore the roles
of feedbacks of condensational heating and transient eddy activities in the EASM structure, respectively.
The final section is devoted to conclusions and discussion.

2. Data And Methods
a. data

The 6–hourly circulation variables including geopotential height, temperature, winds, and vertical velocity
are obtained from the Japanese 55–yr Reanalysis (JRA–55) dataset conducted by the Japan
Meteorological Agency (Kobayashi et al., 2015). The reanalysis dataset comprises 23 vertical levels between
1000 hPa to 200 hPa with a fine horizontal resolution of 1.25°×1.25°. Additionally, the diabatic heating
components due to longwave radiation, solar radiation, large–scale condensation, convective condensation,
and vertical diffusion, respectively, are derived from the JRA–55 dataset. The global daily precipitation
dataset with a horizontal resolution of 0.5°× 0.5° is part of products suite from the National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction Center Unified Precipitation Project (Xie et al. 2007).
The daily large scale and convective precipitation rate data is taken from the Climate Forecast System
Reanalysis (CFSR) reanalysis dataset with a spatial resolution of 0.5°×0.5° provided by the National Centers
for Environmental Prediction (NCEP) (Saha et al. 2010). All the variables and their derivatives are averaged
for summer (June, July and August) with a time span for 1980–2019. In addition, to isolate the regional
characteristics of EASM, the regional departure circulations over the East Asian domain are extracted
through removing globally zonal means.

b. methods

In the extratropics, the seasonal mean atmospheric state is approximately governed by the quasi–
geostrophic potential vorticity (QGPV) equation (Fang and Yang, 2016) which is written as,
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where the prime denotes the 2–10d synoptic disturbances obtained with a Lanczos filter (Duchon 1979). ,
and  are the vertical velocity and the relative vorticity, respectively. Obviously,  and  are
determined by the convergences of synoptic transient eddy heat and vorticity fluxes, respectively.

To identify the effects of the diabatic heating and the transient eddy forcing on mean flow, Eq. (1) can be
re–written as,

4
,

the left–hand side of Eq. (4) represents the tendency of QGPV with a three–dimensional linear operator
acting on the tendency of geopotential. On the right–hand side, there are three forcing terms producing
atmospheric potential vorticity, which are the diabatic heating forcing term ( ), the transient eddy heating
forcing term ( ), and the transient eddy vorticity forcing term ( ). There are also three vorticity advection
terms associated with atmospheric internal processes, which are the relative vorticity advection ( ), the
ambient vorticity advection ( ), and the stretching vorticity advection ( ). For the climatological state of
the atmospheric circulation, the tendency of QGPV is nearly zero and thus the vorticity advection terms can
be considered as the adjustment to or the balance with the vorticity production terms. The seasonal–mean
geopotential tendencies produced by those terms on the right–hand side of Eq. (4) can be numerically
solved with the three–dimensional linear operator on the left–hand side of Eq. (4) by the successive
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3. Three–dimensional Structure Of Easm
The climatology of the summertime precipitation rate and monsoon wind are shown in Fig. 1. As shown in
Fig. 1a, the monsoonal circulation over East Asia exhibits a distinct seasonal reversal, characterized by the
prevailing low–level winds changing from the wintertime northerlies to the summertime southerlies (vectors
in Fig. 1a). In summer, the westerlies and southwesterlies from the tropics converge with the southeasterlies
from the Northwest Pacific and then turn northward together over the South China Sea. The development of
monsoonal southerlies is followed by the northward shift of rainbelt, producing abundant precipitation over
China, Korea, south–central Japan, and even Northeastern Asia (Fig. 1a). Many studies argued that the
subtropical high pressures over the Northwest Pacific and North Pacific play a key role in the formation and
maintenance of monsoonal southerlies. After removing the globally zonal means, a grand cyclonic
circulation deviation naturally occurs, replacing the wintertime anticyclone over the East Asian continent at
the low levels. The regional monsoonal low represents the localized feature of EASM without being
influenced by seasonal variation of solar radiation, and thus, it is natural to believe that the strong
monsoonal southerlies are not only related to the North Pacific subtropical high but also closely connected
with the grand monsoonal low over the East Asian continent (Fig. 1b).

Upon the grand low–level monsoonal low, there is a distinct meridional difference of the vertical structure
bounded at around 35.5oN. The monsoonal low south of 35.5oN is overlain by a regional high deviation with
anticyclonic circulation centered over the Tibet Plateau at the upper level, featured by a baroclinic structure.
This high deviation is just the zonal asymmetry component of the South Asia high, an indispensable
member of the EASM system that has been paid much attention to. While north of 35.5oN, the regional low
deviation with cyclonic circulation dominates in the whole monsoonal low, presenting an equivalent
barotropic structure (Fig. 2b). This upper–level low deviation superimposed on the basic westerlies has been
got less emphasis before. Interestingly, the location of the upper–level seasonal mean low deviation is just
where the synoptic Northeast cold vortex often occurs.

overrelaxation (SOR) method with the boundary conditions referred to Lau and Holopainen (1984).
Therefore, the roles of diabatic heating and transient eddy forcing in the EASM structure can be examined
through analyzing these tendencies.

The high–frequency transient eddy activity is closely related to the low–level atmospheric baroclinicity
(Hoskins and James, 2014; Simmons and Hoskins, 1978), which is represented approximately by the
maximum Eady growth rate  (Lindzen and Farrell 1980; Hoskins and Valdes 1990; Vallis 2006). It is

defined as , where ) is the 

frequency. The intensity of the synoptic–scale eddy activity can be characterized by the eddy available
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The meridionally different vertical structures are further confirmed by the longitude–height profile of
geopotential height along 105–135oE (Fig. 3a). In the southern domain of EASM, the geopotential height
structure shows clear baroclinic features with negative deviation at the lower level and positive deviation at
the upper level. However, in the northern domain, a low–pressure deviation with an equivalent–barotropic
structure is distinguished from the southern baroclinic structure and the northern barotropic high–pressure.
According to the geostrophic relationship, the boundaries separating the three different vertical structures
are the barotropic westerly and easterly deviations with the centers at 35.5oN and 50.5oN, respectively
(Fig. 3a). The difference in the thermal field is also clear that regional warm air almost occupies the whole
troposphere with the mid–level warm center at 300 hPa in the southern domain, while the warmer air is
nearby the surface in the northern domain (Fig. 3b), which is in accordance with the static equilibrium
relationship between the geopotential height and temperature.

Regarding the wind field, in the southern EASM domain, the southerly deviation at the mid–low level is
overlaid by the northerly deviation at the upper troposphere, dynamically consistent with the baroclinic
structure of geopotential deviation here (Fig. 4). And the significant ascending flows control the whole
troposphere, forming a grand thermal indirect cell over the East Asian sector with major ascending flows
centered roughly at 15oN, 22.5oN, and 30oN (Figs. 4a, 5a). This three–dimensional circulation structure
accords well with the thermal adaption theory that highlights the positive vertical shear of meridional flows
is proportional to the ascending movement at steady motion (Liu et al. 2001; Wu et al. 1999, 2007).
However, the strong updraft and the monsoonal overturning cell are weakened at around 35.5oN, manifested
by a very slight indirect cell at the mid–lower troposphere over the section of 35.5–50oN (Figs. 4, 5), which is
due to the cancellation between the northward ascending motion and the southward descending motion to
the east and west of 120oE, respectively. Obviously, the circulation cell structure over Northern East Asia
distinguishes it from that in the southern EASM and cannot be described by the thermal adaption theory.

The observational fact that a transition zone of the large–scale condensational and convective precipitation
just appears at about 34oN is another evidence for the longitudinal difference in the dynamics of the
circulations over the southern and northern EASM regions. Evidently, the convective precipitation dominates
the region equatorward at around 34oN, while the rainfall to the north of 34oN is frequently triggered by the
large–scale lifting motion (Fig. 6).

Overall, a revisit on the three–dimensional structure of EASM suggests that the complete EASM regime is
complicated and bears two different vertical structures in the longitudinal direction, although being under
the control of a grand monsoonal low near the surface. One is a baroclinic structure with an upper–level
high versus a lower–level low in the southern domain. The other is an equivalent barotropic structure with
almost no vertical tilt low in the geopotential height over the troposphere in the northern domain. The
baroclinic structure is widely considered as the traditional monsoonal feature of opposite polarity and has
proved to be attributed to the role of condensational heating. While the barotropic vertical structure over
northern East Asia implies the effect of midlatitude dynamics, in which the detailed dynamical processes
have not been well recognized. The mechanisms responsible for the vertical structure in the northern
domain and the difference from that in the southern domain should be further explored.
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Given that, we attempt to understand the formation of the unique vertical structure of EASM, focusing on the
role of the diabatic heating and synoptic eddy activities by dynamical diagnoses on the quasi–geostrophic
potential vorticity (QGPV) equation (Eq. 1).

4. Role Of Feedback Of Diabatic Heating In Easm Structure
As illustrated in Fig. 7a, the diabatic heating warms up the almost entire tropospheric air column (except
some layers below 850 hPa equatorward of 40oN) with centers at about 400 hPa over the tropics, the
subtropics, and the midlatitudes. As strong EASM brings out abundant water vapor and consequently
generates substantial latent heat release, the condensational heating considerably dominates the diabatic
heating in summer along the East Asia sector (Fig. 7). The condensational heating is deep and totally
determines the diabatic heating in the southern EASM domain (Fig. 7c), while in the northern domain, the
diabatic heating is much weaker and presents two heating centers, in which one is in the boundary layer
attributed to the strong land surface sensible heat flux (Fig. 7d) and the other is at the mid–troposphere due
to the latent heat release (Fig. 7c).

In terms of Eq. (1), the diabatic heating centered at 400 hPa would produce a positive (negative) potential
vorticity source, consequently exciting a negative (positive) geopotential tendency below (above) 400 hPa,
which is supported by the numerically-solved results of geopotential tendency (Figs. 8, 9). The baroclinic
atmospheric response with a negative (positive) geopotential tendency below (above) 400 hPa is induced by
the diabatic heating forcing at the middle layers, coinciding well with the observed baroclinic vertical
structure of geopotential height in the southern EASM domain. Thus, it can be concluded that the diabatic
heating forcing that mainly comes from the latent heat release amplifies the steady baroclinic vertical
structure in the southern EASM once EASM is initially driven. This thermodynamic relationship is classical
and has been widely reported in previous studies (Jin et al. 2013; Liu et al. 2001; Wu et al. 1999, 2007).

In the northern domain, since there are two heating centers, both could produce a positive (negative)
potential vorticity below (above) the centers. However, the eventual inversion result presents a baroclinic
atmospheric response with a negative geopotential tendency below versus a positive geopotential tendency
upon 500 hPa (Figs. 8, 9). The induced low response by the local diabatic heating is relatively weak and
confined at the lower troposphere. The induced high response covers the upper troposphere (Figs. 8, 9),
which contradicts the observed equivalent barotropic structure with an upper–level low upon a lower–level
low (recall Fig. 3). In other words, if only considering the role of diabatic heating, the vertical structure in the
northern domain should be a steady baroclinic structure with an upper–level high versus a lower–level low
in geopotential height once EASM onsets with the latent release heating the mid–troposphere as that over
the southern domain. Obviously, it is inconsistent with reality (Fig. 8b).

Through dynamical diagnoses, it is further verified that diabatic heating, especially condensational heating
makes a crucial role in dynamically determining the baroclinic structure of EASM, consistent with many
previous studies. However, the feedback of the diabatic heating cannot explain the equivalent barotropic
structure north of 35.5oN in the EASM regions. Considering that the EASM dynamics include synoptic
transient eddy activities in the midlatitudes, such as the transient eddy feedback, which also serves as
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important forcing terms in Eq. (1), attracts us to further explore how it contributes to the observed three–
dimensional EASM structure.

5. Role Of Feedback Of Synoptic Eddy Activities In The Easm Structure
As the most common weather phenomenon in the mid–latitudes, frequent synoptic–scale transient eddies
can act as an internal atmospheric factor to maintain or change the time–mean flow through generating
potential vorticity sources as the diabatic heating does (Holopainen et al. 1982; Lau and Oort 1982; Lau and
Holopainen 1984). According to the right–hand terms of Eq. (1), there are two forcing terms associated with
transient eddy activities: the transient eddy heating forcing term ( ), and the transient eddy vorticity forcing
term ( ). The former is proportional to the vertical gradient of the transient eddy heating, and the latter is
determined by the divergence of transient eddy vorticity flux. Clearly, the transient eddies influence the
atmospheric state by redistributing heat and vorticity.

Relationships between the atmospheric transient eddy activities and the mean flow were previously
identified with zonal averages over the whole Northern Hemisphere from the climatological view
(Holopainen et al. 1982; Lau and Holopainen 1984). Fang and Yang (2016) has found out that the
atmospheric transient eddy is an indispensable ingredient that provides a positive feedback mechanism for
the unstable ocean–atmosphere interaction in the midlatitude North Pacific. Here, we try to reveal the effect
of transient eddy forcing on the barotropic structure of monsoonal circulation in the northern EASM domain.

5.1 Features of synoptic eddy activities
Climatologically, the summertime westerly has a maximum located around 40 oN at the upper troposphere,
showing the typical feature of the subtropical westerly jet stream over Asia (Fig. 10a). Due to the strong
vertical wind shear and meridional temperature gradient around the jet, the extratropical baroclinic nature
over the EASM domains is evident. The maximum Eady growth rate  (Lindzen and Farrell, 1980),
representing the growth of the atmospheric baroclinic instability, has a maximum over those zones around
and north of 40oN over northwestern East Asia (Fig. 10a). It implies the stronger genesis of the synoptic
eddies and the tendency of producing more eddy available potential energy (EAPE). Consistent with the
stronger low–level atmospheric baroclinicity, the EAPE maximizes around the 40oN over northwestern East
Asia at the mid–lower troposphere (Fig. 10b), further confirming the stronger genesis of transient eddy
activities. As the development and movement of the generated synoptic eddies, the highest cyclone
frequency and the maximum eddy kinetic energy (EKE) are located at around 30o–50oN over Northeast Asia
in the upper troposphere. It is suggested that upper–level transient activities develop and further enhance in
downstream of the eddy genesis region. Correspondingly, accompanied by the enhancement of eddy
activities, the eddies exert forcing on the mean flow via redistributing heat and momentum through eddy

heat flux ( ) (Fig. 10e) and eddy momentum flux ( ) (Fig. 10f). Figure 10e shows that the poleward
transient eddy heat flux mainly occurs across the jet and maximizes around 40oN, producing a cooling
(heating) effect south (north) of the jet axis at the upper troposphere. Meanwhile, the transient eddy
momentum flux presents the poleward and equatorward transport to the south and north of the jet stream

F2

F3
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respectively, and the strongest poleward momentum flux occurs at around 30o–40oN, causing the
convergence of eddy momentum flux nearby. According to the zonal–mean momentum balance (Hoskins et
al. 1983), such a pattern of transient eddy momentum flux favors accelerating the time–mean westerly flow
around 40–50oN.

So generally, in the northern EASM domain, the summertime transient eddies are generated over
northwestern East Asia and then strengthen downstream over Northeast Asia (around 30o–50oN), and thus,
the synoptic eddies activities could effectively affect the mean circulation over Northeast Asia via
redistributing the atmospheric heat and momentum.

5.2 Feedback of synoptic eddy activities
In agreement with the horizontal distribution of transient eddy heat flux at 300 hPa (Fig. 10e), the level–
latitude profile of the seasonal mean transient eddy heating forcing shows the cooling (heating)

effect south (north) of around 40oN throughout the mid–upper troposphere above 800 hPa (Fig. 11a). In
terms of the transient eddy heating forcing term ( ) in right of Eq. (1), positive (negative) vertical gradient
of is the source of the positive (negative) PV. For the subtropical region over the 30–40oN, the
middle–tropospheric cooling effect (centered at around 400 hPa) dominates the vertical structure (Fig. 11a),
so based on Eq. (1), it will cause a positive (negative) PV tendency at the low (upper) levels. After solving the
seasonal–mean geopotential tendency induced by the transient eddy heating forcing, a vertically baroclinic
structure of the atmospheric response is obtained and manifested with the positive geopotential tendency at
the low level versus the negative at the upper level (Fig. 11c). Such a vertical structure is opposite to that
induced by the seasonal–mean diabatic heating, especially over the latitudes of 30o–40oN (Figs. 8b, 11c).
The horizontal distribution of the geopotential tendency induced by transient eddy heating forcing as seen
in Fig. 12 further suggests that the cooling effect by the transient eddy heat transport could yield a
baroclinic vertical structure with a high–level decreased versus a low–level increased geopotential over the
most East Asia Continent. The role of the transient eddy heat forcing partly offsets that of the diabatic heat
forcing on the seasonal–mean circulation structure of EASM.

The transient eddy activities also influence the atmospheric state by redistributing vorticity. Over East Asia,
the local transient eddy vorticity flux convergence produces a positive PV source at around 20o–35oN and
40o–55oN throughout the troposphere with large values above 400 hPa (Fig. 13a). In terms of Eq. (1), the
transient eddy vorticity forcing is also one of the PV sources for the seasonal–mean atmosphere, and
accordingly, numerical solution shows that the transient eddy vorticity forcing induces the negative
geopotential tendency with an equivalent–barotropic (maximized at the upper level) over the two zones
(20o–35oN and 40o–55oN) (Fig. 13b). Although the negative geopotential tendency induced by the transient
eddy vorticity forcing can also be partly offset by the positive geopotential tendency induced by diabatic
heating forcing at upper levels, in general, the equivalent–barotropic negative geopotential tendency
accords well with the observed equivalent–barotropic low–pressure deviation in the northern EASM domain
(Figs. 13b, 14).

Q̄eddy

F2

Q̄eddy
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Both the diabatic heating and transient eddy vorticity forcing contribute to the equivalent–barotropic low
pressure at low levels in the northern EASM domain. At upper levels, it is mainly the transient eddy vorticity
forcing that plays a major role in the formation of observed low pressure. However, if we carefully check
Figs. 13 and 14, it is noticed that the positive PV source and negative geopotential tendency induced by the
transient eddy vorticity forcing are centered at around 47.5oN, obviously shifting northward by about 5
latitudes and somewhat westward compared with the observed low pressure. When further considering the
conservative process associated with the adjustment to or the balance with the vorticity production terms,
the location shift of the initial response to the transient eddy vorticity forcing from the ultimate balanced
circulation structure can be interpreted. As seen in Fig. 15, three types of advection processes, as introduced
in the method in section 2, could affect the final position of the initial atmospheric response to the transient
eddy vorticity forcing. One is the relative vorticity produced by the transient eddy vorticity forcing advected

by the globally zonal mean flow ( ), where U is the globally zonal mean zonal winds, 

is the geopotential tendency induced by the transient eddy vorticity forcing. It is seen in Fig. 15a that this
advection effect makes the negative geopotential tendency by the transient eddy vorticity forcing shift
eastward and southward. Another is the advection effect of the basic zonal flow on the stretching vorticity,

and the corresponding calculation formula is as . Similar to the former advection

effect, the stretching vorticity–related advection effect also contributes to the eastward and southward shift
of the initial geopotential tendency induced by the transient eddy vorticity forcing. More specifically, the
eastward shifting is attributed to the decreasing of the perturbed relative vorticity and stretching vorticity by
the transient eddy vorticity forcing with longitude. The southward shifting is due to the inhomogeneity of the
globally zonal mean zonal flow at the meridional direction with the center at around 43oN, what is just
located southward of the center of the negative tendency induced by the transient eddy vorticity forcing
(Fig. 15c). The last advection process is the ambient vorticity advected by the meridional flows induced by

the transient eddy vorticity forcing, that is calculated by . Under the geostrophic relationship, the

negative geopotential tendency by the transient eddy vorticity forcing corresponds to a southerly tendency in
the east and a northerly tendency in the west, thus yielding the southward and northward transport of the
ambient vorticity, respectively. This advection effect leads to the westward shifting of the initial perturbed
low pressure (Fig. 15b). In general, the position shifting between the low pressure in the equilibrium state
and the initial negative geopotential tendency induced by the transient eddy vorticity forcing is mainly
attributed to the advection of the perturbed relative vorticity and stretching vorticity by the globally zonal
mean flow. Therefore, different from the dynamics for tropical circulation in the southern EASM domain that
the vorticity changes induced by the diabatic heating are mainly balanced by the meridional advection of
the ambient vorticity, the midlatitude circulation in the northern EASM domain is mainly subjected to the
QGPV dynamics that the induced vorticity tendency by the transient eddy vorticity forcing is balanced by the
advection of the relative vorticity and stretching vorticity by the globally zonal mean flow.

6. Conclusions And Discussion

− U

f

∂∇2Φ̄
t,¯̄F̄ eddy

∂x
Φ̄

t,
¯̄¯̄
F eddy

−U [ ( )]∂

∂x

∂

∂p

f

¯̄¯̄¯σ1

∂Φ̄
t,¯̄F̄ eddy

∂p

−
β

f

∂Φ̄
t,¯̄F̄ eddy

∂x



Page 12/34

As a prominent and independent component of the grand Asian summer monsoon system, EASM features a
huge monsoon low over the East Asian continent and a seasonally northward march of intense southerly
flows. The huge monsoonal low has been attributed to the seasonal variation of solar radiation and the
associated thermal contrast between the Asia Land and the Pacific Ocean. The influence of the dynamical
and thermal forcing by the Tibetan Plateau is another mechanism for the EASM formation. However, these
explanations are still incomplete in understanding the physical processes of the EASM formation. Recent
evidence has recognized that diabatic heating, especially the atmospheric condensational heating
associated with moisture processes, could contribute to the formation and maintenance of EASM. In our
study, there is a reasonable hypothesis that the feedback of synoptic eddy activities also plays an
indispensable role in the complete EASM regime.

A revisit on the three–dimension circulation structure of EASM suggests that upon the grand low–level
monsoonal low with strong humid southerly flows extending from the tropics to Northeast Asia, there exists
a distinct meridional difference in the vertical structure of EASM with a boundary of around 35.5oN. In the
southern domain, EASM features a meridional overturning cell and a baroclinic structure with an upper–
level high versus a lower–level low in geopotential height. While in the northern domain, the EASM exhibits
an equivalent barotropic structure with an upper–level low versus a lower–level low, and the ascending
accompanied with the northward motion and the descending with southward motion dominate to the east
and west of 120oE over northeastern Asia, respectively. Such differences in the three–dimensional
structures imply some different dynamics over the two domains.

What are the physical processes responsible for the formation of circulation systems with different vertical
structures of EASM? Here, we answer it by focusing on the feedbacks of diabatic heating and synoptic eddy
activities by diagnosing the QGPV equation, a powerful tool for identifying the seasonal–mean atmospheric
response to the forcing. Regardless of friction, the diabatic heating as well as the transient eddy heat and
vorticity transport are all important sources of forcing terms on the time–mean flow. The diabatic heating
and the transient eddy heating forcing are both the thermal effect on the mean flow and could induce
baroclinic geopotential tendencies. Differently, the geopotential tendencies induced by the transient eddy
vorticity forcing present the equivalent–barotropic vertical structure.

Consistent with previous results, the baroclinic monsoonal circulation in the southern EASM domain is
dynamically determined by diabatic heating, especially condensational heating. Specifically, the mid–
tropospheric diabatic heating would induce the baroclinic circulation response characterized by the positive
PV and negative geopotential tendency at the low level versus the negative PV and positive geopotential
tendency at the upper level. By the advection effect of meridional wind on the ambient vorticity, the
circulation response to the diabatic heating tends to shift westward, and then, in the final state of
equilibrium, the southerly wind prevails at the lower level and the northerly wind prevails at the upper level.
Thereby, a local meridional cell dominates over the southern EASM region and becomes a part of the
tropical monsoonal circulation south of 20oN.

However, in the northern domain of EASM, if only considering the effect of diabatic heating, a regional high
should prevail above the monsoonal low and the northern low is only confined to the lower troposphere,
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while this is clearly inconsistent with the observational fact, so we try to emphasize the role of the transient
eddy forcing in the formation of the observed equivalent–barotropic low pressure here. In summer, the
northern EASM region experiences strong heat and vorticity transport by synoptic transient eddies, which in
turn feedback on the time–mean flow. The transient eddy heat flux diverges over the south of 40oN, yields
the cooling effect on the middle troposphere, and consequently induces a distinct baroclinic structure with
an upper–level low and a lower–level high tendency in the northern EASM. The structure of atmospheric
response induced by the transient eddy heating forcing is exactly opposite that induced by the diabatic
heating forcing, suggesting that the mid–tropospheric cooling effect by the transient eddy heat forcing
might partly offset the diabatic heating forcing. However, the transient eddy vorticity forcing could produce a
negative geopotential tendency centered at the upper layers with a barotropic vertical structure. Although the
center of the initial atmospheric response induced by the transient eddy vorticity forcing lies northwest to
the observed barotropic low over northeastern Asia, due to the adjustment of the relative vorticity and
stretching vorticity advected by the globally zonal mean zonal flow, the initial atmospheric geopotential
tendency induced by the transient eddy vorticity forcing could deviate from the initially–formed area and
shift southeastward, and eventually, coincide with the observed regional barotropic low. Combined with the
effect of the diabatic heating on the low–level flow, there presents a distinct vertical structure of regional
low centered roughly at 42.5oN with deep southerlies and upward motion in the east and deep northerlies
and downward motion in the west in the northern domain.

In summary, we conclude that in the complete EASM regime, the feedbacks of diabatic heating and transient
eddy forcing are both important and nonnegligible mechanisms responsible for the formation of EASM. The
vertical circulation structure over the southern EASM region is mainly determined by the impact of the
diabatic heating that mainly comes from the local latent heating. However, the steady vertical structure of
the northern EASM is attributed to the combined effect of the feedbacks of diabatic heating and synoptic
eddy activities. Especially, in the northern EASM domain, the formation of the equivalent–barotropic
circulation system at the mid–upper troposphere is induced by the synoptic transient eddy vorticity forcing.

Indeed, the role of transient eddy forcing on the formation of the summertime low-level low pressure in the
northern EASM has also been noticed by Lin et al. (2021). Although their result shows that the effect of
transient eddy forcing is negligible for the formation of Northern East Asia Low based on a linear baroclinic
model with simplified physical processes and omitted non–linear interactions, Lin et al. (2021) has already
realized some limits on their study and recognized the underestimation of the effect of transient eddy
forcing. This underestimation is because the coarse–resolution reanalysis cannot resolve synoptic eddies
sufficiently (Sang et al. 2021). Therefore, even though the feedback of transient eddy activities is somewhat
weaker than that of diabatic heating in quantity, we still believe that the transient eddy, especially the
transient eddy dynamical feedback works on the formation of the EASM structure in the northern domain.

The role of the midlatitude transient eddy activities in shaping the EASM structure gives us new insights into
understanding the formation and variation of EASM from the perspective of wave–mean flow interactions.
This study only focused on the transient eddy feedback on the summertime mean state of the East Asian
monsoon system. How the transient eddy feedback affects the seasonal evolution, interannual and other
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timescale variabilities of EASM are still open questions, which need further deep exploration to improve the
research on variation and prediction of EASM.
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Figures

Figure 1

(a) Climatological summertime precipitation rate (shaded, mm·day–1) and 925 hPa winds (vectors, m·s–1)
for the period of 1980–2019. (b) as in (a), but for the corresponding deviations obtained by subtracting the
globally zonal mean. Red (black) vectors denote the winds in boreal summer (winter).
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Figure 2

The deviations of climatological geopotential heights (shaded, dagpm) and winds (vectors, m·s–1) at
850hPa (a) and 300 hPa (b) in summer for the period of 1980–2019. The deviations are obtained by
subtracting the globally zonal mean.
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Figure 3

(a) Latitude–altitude sections averaged within 105–135oE of the deviations of climatological geopotential
height (shaded, dagpm) and zonal winds (contours, m·s–1) in summer for the period of 1980–2019. (b) as
in (a), but for geopotential height (shaded, dagpm) and temperature (contours, K). The deviations are
obtained by subtracting the globally zonal mean. The white dashed lines denote the latitudes of 35.5oN and
50.5oN, respectively.  
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Figure 4

Latitude–altitude sections of the deviations of climatological vertical velocity (shaded, –1×10–2Pa·s–1) and
meridional wind (contours, m·s–1) averaged within 10 o–35.5oN (a) and 35.5o–50.5oN (b) in summer for the
period of 1980–2019. The deviations are obtained by subtracting the globally zonal mean.  
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Figure 5

Latitude–altitude sections of the deviations of climatological meridional circulation (vectors, m·s–1) and
vertical velocity (shaded, –1×10–2Pa·s–1) averaged within 105o–135oE (a), 105o–120oE (b) and 120o–
135oE (c) in summer for the period of 1980–2019. The deviations are obtained by subtracting the globally
zonal mean.
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Figure 6

Horizontal distribution (left panel) and the profile with latitudes within 105o–135oE (right panel) of the
difference value between the large scale and convective precipitation rate (shaded, mm·day–1) based on the
CSFR reanalysis data.   
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Figure 7

Longitude–altitude sections of the deviations of climatological diabatic heating rate (a), radiative heating
rate (b), condensation heating rate (c) and vertical diffusion heating rate (f) averaged within 105o–135oE in
summer for the period of 1980–2019. The deviations are obtained by subtracting the globally zonal mean,
and the unit is K·day–1.
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Figure 8

Longitude–altitude sections of the deviations of climatological diabatic heating forcing term (F1) (a,

shaded, 10–11 s–2) and the geopotential tendencies induced by the diabatic heating forcing (b, shaded, 10–3

m2·s–3) averaged within 105–135oE in summer for the period 1980–2019. The geopotential height
deviations are presented in contours in the (a) and (b). Contours represent the deviations of climatological
geopotential height. The deviations are obtained by subtracting the globally zonal mean.  
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Figure 9

Horizontal distribution of the deviations of climatological geopotential tendencies induced by the diabatic
heating forcing term (F1) (shaded, 10–3 m2·s–3) and the climatological geopotential height (contours,
dagpm) respectively at 850hPa (a) and 300 hPa (b) in summer for the period of 1980–2019. The deviations
are obtained by subtracting the globally zonal mean.  
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Figure 10

See image above for figure legend
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Figure 11

See image above for figure legend
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Figure 12

Horizontal distribution of the deviations of climatological geopotential tendencies induced by (F2) (shaded,

10–4 m2·s–3) and the observed geopotential height (contours, dagpm) at 850 hPa (a) and 300 hPa (b) in
summer for the period of 1980–2019. The deviations are obtained by subtracting the globally zonal mean.  
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Figure 13

Longitude–altitude sections of the deviations of climatological transient eddy voriticity forcing term (F3) (a,

shaded, 10–11 s–2) and the associated geopotential tendencies (b, shaded, 10–4 m2·s–3) induced by the
transient eddy voriticity forcing averaged within 105o–135oE in summer for the period 1980–2019. The
geopotential height deviations are presented in black contours in the (a) and (b). The deviations are
obtained by subtracting the globally zonal mean.
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Figure 14

Horizontal distribution of the deviations of climatological geopotential tendencies induced by the transient
eddy voriticity forcing (shaded, 10–4 m2·s–3) and the observed geopotential height (contours, dagpm) at 850
hPa (a) and 300 hPa (b) in summer for the period of 1980–2019. The geopotential height deviations are
presented in contours in the (a) and (b). The deviations are obtained by subtracting the globally zonal mean.
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Figure 15

See image above for figure legend


