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Abstract. The Asian Summer Monsoon Anticyclone (ASMA), the dominant circulation in the upper troposphere and lower

stratosphere (UTLS) during the boreal summer, undergoes pronounced spatio-temporal variability. While the climatological

mean state of the ASMA is well documented, the mechanisms governing its longitudinal propagation, episodic eddy shedding

events, and multimodal transient behavior remain incompletely understood. In this study, we investigate the dynamic behavior

of the ASMA using the reanalysis products JRA-3Q, ERA5, and MERRA-2 during 2000–2020. The ASMA is primarily tri-5

modal, with core centers situated over the Iranian Plateau, the Tibetan Plateau, and the Western Pacific in all three reanalyses.

To identify and analyze the evolution of individual anticyclonic features, we apply a multi-center vortex tracking algorithm to

Montgomery stream function on the 370 K isentropic surface. Although potential vorticity (PV) tendencies are dominated by

mean zonal and meridional advection, total diabatic heating plays a critical modulating role in the evolution of anticyclonic vor-

tices within the ASMA. For further insight, we develop and apply an ASMA-specific PV tendency diagnostic that decomposes10

the total PV tendency into dynamical (isentropic horizontal advection) and diabatic (latent heating and background radiation)

components. The diagnostic highlights a characteristic tripole pattern of PV tendency within vortices, separating propagation

effects from intensification and thereby providing a clearer physical attribution of the evolution of vortices within the ASMA.

Copyright statement. Published by Copernicus Publications on behalf of the European Geosciences Union

1 Introduction15

The Asian Summer Monsoon Anticyclone (ASMA) is a defining feature of the upper troposphere and lower stratosphere

(UTLS) during the boreal summer. Bounded by the subtropical westerly jet to the north and the tropical easterly jet to the

south, the ASMA straddles the boundary between the tropics and subtropics between ∼300 hPa and 70 hPa (Hsu et al., 1999;

Randel and Park, 2006; Nützel et al., 2016; Manney et al., 2021). The ASMA is driven primarily by diabatic heating associated

with the Asian Summer Monsoon (Hoskins and Rodwell, 1995). Strong land–sea thermal contrasts and abundant moisture20
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south of the Himalayas induce low-level convergence over South Asia, promoting ascent and deep convection, particularly

along the southern slope of the Tibetan Plateau (Fu et al., 2006; Qie et al., 2014). The strong diabatic heating associated with

this convection imposes upper-tropospheric divergence, causing the formation and maintenance of the large-scale anticyclonic

circulation at upper levels (Garny and Randel, 2013; Siu and Bowman, 2020). At the peak of the monsoon, warm anomalies in

the monsoon upper troposphere are large enough to cause a regional reversal of the meridional temperature gradient between25

the equator and the core of the anticyclone, yielding a broad region of angular momentum-conserving flow defined by small

values of potential vorticity. Water vapor and pollutants accumulate within the boundaries of this flow and interact with the

circulation to modulate its structure and variability (Vernier et al., 2015; Santee et al., 2017; Bian et al., 2020; Honomichl and

Pan, 2020). Despite this well-established conceptual framework, the mechanisms governing the intraseasonal and interannual

variability of the ASMA, which emerge from fluctuations in heating and subtropical jet dynamics among other processes,30

remain a subject of active scientific inquiry (Garny and Randel, 2013; Ren et al., 2019; Manney et al., 2021; Rupp and Haynes,

2021).

Various diagnostic approaches have been developed to characterize the spatial extent, location, and modality of the ASMA.

The breadth of these approaches reflects both the dynamical complexity of the ASMA and its importance, as well as changes in

data availability, such as the development of long-term reanalysis products. Observational studies demonstrate that the ASMA35

exhibits significant temporal variability, including large-amplitude east–west oscillations and systematic vortex propagation on

intraseasonal timescales (Zhang et al., 2002; Nützel et al., 2016). Rather than a single, broad, coherent vortex, the circulation

frequently reorganizes, with centers of intensity alternating between the Iranian Plateau (IP), the Tibetan Plateau (TP), and the

Western Pacific. These zonal shifts are often accompanied by structural instability, resulting in vortex splitting and merging, as

well as episodic eddy shedding events wherein subsidiary anticyclonic vortices break off from the primary circulation (Popovic40

and Plumb, 2001; Yan et al., 2018; Siu and Bowman, 2020). Previous research has employed a wide range of metrics to track

these movements and describe the time-mean circulation in which they are embedded. Common metrics include geopotential

height and zonal wind fields at the 100 hPa or 200 hPa levels (Zhang et al., 2002; Qian et al., 2002; Wei et al., 2014; Nützel

et al., 2016; Wang et al., 2022), potential vorticity (PV) on isentropic surfaces between 360 K and 380 K (Garny and Ran-

del, 2013; Ploeger et al., 2015; Amemiya and Sato, 2018; Rupp and Haynes, 2020), and Montgomery stream function (MSF)45

on isentropic surfaces (Santee et al., 2017; Manney et al., 2021). Numerical simulations and idealized experiments have also

provided considerable insight into the roles of both internal variability and anthropogenic forcing in shaping the anticyclonic

structure (Popovic and Plumb, 2001; Amemiya, 2018; Amemiya and Sato, 2018; Rupp and Haynes, 2020; Tweedy et al., 2021;

Pan et al., 2022). A summary of common diagnostics is provided in Table 1. However, despite these extensive efforts, sub-

stantial challenges remain. ASMA characteristics often vary across different reanalysis products, and changes in assimilated50

observations can exacerbate these discrepancies (Nützel et al., 2016; Manney et al., 2021). Furthermore, the frequent coex-

istence of two, three, or more concurrent circulation centers suggests that approaches emphasizing a single dominant vortex

or a time-mean structure are unable to fully describe the dynamic anticyclone (Zhang et al., 2002; Siu and Bowman, 2020;

Rupp and Haynes, 2021). This limitation highlights the need for new diagnostic frameworks that can explicitly account for the

multi-center and multimodal nature of the ASMA.55
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The development and intensification of the ASMA are frequently evaluated using diagnostics that characterize the evolution

of its low-potential vorticity (PV) core (Ploeger et al., 2015). One common metric is the area enclosed by low-PV contours, as

the ascending motion, diabatic heating, and upper-level divergence associated with deep convection dilute PV and thus expand

the area of low-PV regions within the UTLS (Garny and Randel, 2013). Complementary diagnostics, such as geopotential

height anomalies relative to the zonal mean and Montgomery stream function, have also proven effective in capturing key60

aspects of the ASMA (Xue et al., 2020; Manney et al., 2021; Zhang et al., 2021). However, these diagnostics face significant

limitations when applied to the ASMA. PV is already relatively low over the Asian monsoon region at the beginning of boreal

summer, and the seasonal evolution of the background state is marked by a gradual increase in mean PV. This evolving back-

ground complicates efforts to disentangle ASMA intensification from inherited pre-existing conditions. Furthermore, while

PV-area diagnostics are conceptually derived from studies of the stratospheric polar vortex, the underlying physical drivers are65

considerably different. In the polar vortex, diabatic cooling and transport barriers are the primary determinants of structure,

while the ASMA is governed by deep convection, divergent outflow, and complex interactions with the subtropical jet. These

differences limit the direct transferability of polar vortex diagnostics to the monsoon system. Consequently, there is a need for

a diagnostic framework that can isolate ASMA intensification from zonal propagation and background PV evolution, while

providing a robust description of the multi-center dynamic structure of the anticyclone. Addressing this requirement requires70

diagnostics that quantify not only the magnitude and distribution of low-PV anomalies but also the specific physical processes

driving their evolution in time.

In this study, we track the movement and occurrence of vortex centers within the anticyclone following the methodology of

Siu and Bowman (2020), with a specific focus on intercomparison across multiple recent reanalysis products and with respect

to both persistent and transient vortices. We further introduce a PV tendency diagnostic that quantifies ASMA intensification75

and provides deeper insight into the physical mechanisms governing its zonal propagation and overall structural development.

The remainder of this paper is organized as follows. We describe the datasets in Section 2 and the isentropic vortex tracking

methodology and the formulation of the PV tendency equation in Section 3. We then present the findings in Section 4, followed

by a discussion in Section 5 and a summary of the key conclusions in Section 6.

2 Data80

In this study, we analyze variations of the ASMA in three of the most recent ‘full input’ reanalysis products (Fujiwara et al.,

2017): the European Centre for Medium-Range Weather Forecasts (ECMWF) Fifth Reanalysis of the Atmosphere (ERA5;

Hersbach et al., 2020); the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; Gelaro

et al., 2017), and the Japanese Reanalysis for Three Quarters of a Century (JRA-3Q; Kosaka et al., 2024). Our study covers the

warm seasons of the Northern Hemisphere (May to September) during 2000–2020. All reanalysis products are interpolated to85

a common 1.25◦ × 1.25◦ latitude-longitude grid and subsampled in time to produce 6-hourly fields. Analyses are performed

on the 100 hPa isobaric level and the 370 K isentropic surface. Key details of the reanalysis products are listed in Table 2.
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Table 1. Overview of methods used to determine the locations of the ASMA based on geopotential (Φ), zonal wind (u), and relative vorticity

(ζ) on pressure surfaces and potential vorticity (PV) and Montgomery stream function (MSF) on isentropic surfaces.

Reference Dataset Analysis Period Variables Analyzed Identification Method

Zhou et al. (2006) NCEP-R1 June-August 1950–1999 Φ at 100 hPa Maximum Φ

Zhang et al. (2002) NCEP-R1 July-August 1980–1994 Φ, u at 100 hPa Maximum Φ along ridgelinea

Qian et al. (2002) NCEP-R1 July-August 1958–1997 Φ, u at 100 hPa Maximum Φ along ridgeline

Yan et al. (2011) NCEP-R1 June-August 2005–2009 Φ, u at 100 hPa Maximum Φ along ridgeline

Nützel et al. (2016) Multiple June-December 1979–2014 Φ, u at 100 hPa Maximum Φ along ridgeline

Wei et al. (2014) ERA-40 June-August 1958–2002 Φ, u at 200 hPa Maximum Φ along ridgeline

Honomichl and Pan (2020) ERA-I July-August 1979–2017 Φ, u at 100 hPa, 150 hPa Maximum Φ along ridgeline

Zarrin et al. (2010) NCEP-R1 June-August 1971–2000 Φ, ζ at 100 hPa Max Φ along ridgeline; max negative ζ

Garny and Randel (2013) MERRA May-September 2005–2009 PV at 360/380 K PV threshold

Fairlie et al. (2014) GEOS-5.2 June 2011 PV at 380 K PV threshold

Amemiya and Sato (2018) ERA-I June-August 1979–2016 PV at 360/370/380 K PV threshold

Ploeger et al. (2015) ERA-I June-August 1979–2014 PV at 380 K PV gradient

Popovic and Plumb (2001) NCEP-R1 July 1987–1990 MSF, PV at 370 K Maximum MSF; PV threshold

Siu and Bowman (2020) ERA-I May-September 1979–2018 MSF, u, ζ at 370 K MSF local maxima; zero zonal wind ±ζ

Santee et al. (2017) GEOS-5.9 June-August 2005-2014 MSF at 350/370/390/410 K MSF thresholdsb

Manney et al. (2021) Multiple April-October 1958-2018 MSF at 350/370/390/410 K MSF thresholdsb

Kachula et al. (2025) ERA5 April-October 1980-2023 MSF at 350/370/390/410 K MSF ratio

aRidgeline is defined as the zero contour in zonal wind

bMSF threshold values: 350 K: 344800 m2 s−2; 370 K: 356500 m2 s−2; 390 K: 367100 m2 s−2; 410 K: 377300 m2 s−2
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Table 2. Details of the three reanalysis products used in this work. All products are interpolated to a common 1.25°×1.25° latitude–longitude

grid and subsampled to 6-hourly frequency.

Name Source Model Horizontal Grid Vertical Range (No. Levels) Analysis Freq. Reference

ERA5 ECMWF TL639 (∼31 km) Surface to 1 Pa (137) 1 h Hersbach et al. (2020)

MERRA-2 NASA GMAO 0.625◦ × 0.5◦ Surface to 1 Pa (72) 3 h Gelaro et al. (2017)

JRA-3Q JMA TL479 (∼40 km) Surface to 1 Pa (100) 6 h Kosaka et al. (2024)

In addition to standard products such as temperatures and winds, we use the physical temperature tendencies from each re-

analysis. These tendencies include heating due to radiative flux convergence, cloud physics and convection, turbulent mixing,

and other parameterized processes affecting temperature, such as gravity wave drag. The decomposition of these terms differs90

across the reanalyses. For example, ERA5 provides temperature tendencies due to all parameterized physics (mttpm) along with

shortwave (mttswr) and longwave (mttlwr) radiative heating. Non-radiative heating, calculated as mttpm – (mttswr + mttlwr),

provides a close approximation to deep convective heating in the monsoon UTLS (Tegtmeier et al., 2022), with temperature

tendencies due to other non-radiative processes roughly two orders of magnitude smaller than those due to convection in the

upper troposphere (Wright and Fueglistaler, 2013). MERRA-2 provides a more complete breakdown, including terms due to95

radiative heating (DTDTRAD), moist physics (DTDTMST), gravity wave drag (DTDTGWD), turbulent mixing (DTDTTRB),

and data assimilation (DTDTANA). For the following analysis, we use DTDTRAD to represent radiative heating and DT-

DTMST to represent latent heating. For JRA-3Q, radiative heating is calculated as the sum of longwave (ttlwr) and shortwave

(ttswr) components, while latent is calculated as the sum of convective heating (cnvhr) and large-scale moist physics (lrghr),

leaving out turbulent mixing (vdfhr). We adopt this approach both to provide a more complete accounting of how different100

physical processes contribute to PV tendencies across these three reanalyses, and to more precisely identify the influences of

vertical gradients in diabatic heating on PV. Calculations of apparent heating (often termed Q1) as a residual of the thermody-

namic equation are especially uncertain in these regions, where numerical errors and the inability to fully represent resolved

transport lead to large errors even in climatological budgets (Martineau et al., 2018; Wright et al., 2025).

3 Methodology105

3.1 Vortex Tracking

The multi-center tracking algorithm employed in this study follows the approach of Siu and Bowman (2020), which builds

upon the single-vortex detection method of Zhang et al. (2002). To locate centers of the ASMA, we use three variables taken

directly or computed from reanalysis datasets: zonal wind (u), Montgomery stream function (MSF= cpT +Φ, where T is

temperature, Φ is geopotential, and cp is the specific heat at constant pressure), and relative vorticity (ζ).110

The first step involves identifying the zonal-wind ridgeline (u= 0) within the designated spatial domain (15°–45°N, 0°–

180°E) at each 6-hourly analysis snapshot. This approach is motivated by the observation that the zero-zonal wind contour is
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Figure 1. Schematic illustration of the method used to identify vortex centers and filter out spurious centers. The candidate vortex center,

which marks a local maximum in Montgomery stream function (MSF) along the u= 0 ridgeline, is represented by the open blue circle

co-located with the maximum MSF, while the reanalysis grid point closest to the candidate centre is indicated by a filled blue circle. The four

reanalysis grid points directly adjacent to this closest point are indicated by blue crosses. The black solid line illustrates the u= 0 contour,

the gray ellipse illustrates the area of the anticyclonic vortex, and the shaded coral ellipse illustrates the core of the anticyclonic vortex. In

the Northern Hemisphere, we require relative vorticity ζ < 0 at the central five points (blue filled circle and blue crosses), westerly wind

anomalies at the three grid points located poleward of the central point (red filled circles), and easterly wind anomalies at the three grid points

equatorward of the central point (purple filled circles). Adapted from Figure 5 of Siu and Bowman (2020).

nearly zonal within the ASMA (Nützel et al., 2016; Siu and Bowman, 2020). We apply a marching squares algorithm to identify

the u= 0 isopleth, which systematically partitions the wind field into grid cells (squares) and employs a divide-and-conquer

strategy to determine the exact intersection points where the flow transitions from easterly to westerly (Lorensen, 2020).115

A schematic illustration of the method used to identify vortex centers is provided in Fig. 1. Each potential anticyclonic vortex

center corresponds to a local maximum in MSF along the u= 0 contour (bold black line). Because the u= 0 isopleths do not

align perfectly with the discrete reanalysis grid, the location of the contour and the values of MSF along it are determined using

linear interpolation between the two nearest grid points in the meridional direction. For instance, the value of MSF at the blue

open circle would be linearly interpolated from the adjacent poleward and equatorward grid points (the closest red dot and the120

blue dot, respectively). MSF values along the contour are treated as a function of path distance si, computed as the cumulative

great-circle arc length from a reference point on the contour. Local maxima of MSF along the ridgeline are required to be

unique within a span of length 2∆s around si (si±∆s), where ∆s is a half-angle search window. Following Siu and Bowman

(2020), we set the central angle of the great-circle arc to ∆a=∆s/Re = 7.5◦, where Re is the average radius of the Earth. The
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distance ∆s thus also defines the minimum allowable separation between adjacent peaks (candidate vortex centers) along the125

ridgeline. To exclude ‘spurious centers’ arising from small-scale noise or localized features, we apply three filtering criteria:

1. Vorticity sign: The relative vorticity ζ at the identified center and its four nearest grid points (blue crosses) must be

anticyclonic (i.e. ζ < 0 in the Northern Hemisphere).

2. Zonal wind direction: The three grid points immediately poleward of the center must be characterized by westerly flow

(u > 0), while the three points equatorward must be characterized by easterly flow (u < 0).130

3. Contour length: The corresponding u= 0 contour must occupy a minimum great-circle arc length greater than 2R∆a

(Siu and Bowman, 2020).

The final step in the algorithm is to track the movement and duration of each vortex center over time. To do this, we repeat

the same vortex-tracking analysis at 6-hourly intervals. A vortex is classified as “persistent” (long-lasting) if two conditions are

met. First, the vortex center must move no more than 10◦ along the Earth’s surface (measured as great-circle distance) between135

one time step and the next. Second, the vortex must remain visible (continuous) for at least four time steps (i.e. > 18 hours

total). Any identified vortices that do not meet these conditions are designated as “transient” (short-lived) vortices (Siu and

Bowman, 2020). All tracking procedures are performed using u, MSF, and ζ on the 370 K isentropic surface.

3.2 PV tendency diagnostic

To quantify the multi-center structure, zonal propagation, and intensification of the ASMA on isentropic surfaces, we develop140

a combined diagnostic based on MSF, PV, and PV tendency. Each quantity plays a distinct and complementary role in the

evolution of the upper-level anticyclone. MSF provides a dynamically consistent field for identifying anticyclonic centers on

isentropic surfaces. Analogous to geopotential on pressure surfaces, MSF defines streamlines of geostrophic wind on isen-

tropic surfaces. However, unlike geopotential, MSF incorporates local thermal contributions in addition to column-thickness

dynamical contributions. MSF is used to identify and track multiple ASMA centers along the zero zonal-wind contour simulta-145

neously, following the approach of Siu and Bowman (2020) as outlined above. This component enables objective identification

of persistent and transient anticyclonic modes.

We use PV to evaluate the strength and coherence of each vortex. PV is especially advantageous in the UTLS because it is

conserved for adiabatic and frictionless flow, and thus provides a valuable physical tracer of vortex evolution (Hoskins et al.,

1985). First, we define the isentropic mass density σ (the inverse of static stability) as:150

σ =−1

g

∂p

∂θ
. (1)

where g is the gravitational acceleration and p is pressure. Building on the momentum and continuity equations on isentropic

surfaces (Andrew et al., 1986), we use PV to diagnose the boundaries, area, and strength of each anticyclonic vortex. Under a

hydrostatic and small-slope approximation, the simplified Ertel’s PV is defined as:

PV =
(ζθ + f)

σ
=−g(ζθ + f)

∂θ

∂p
(2)155
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where ζθ is the relative vorticity perpendicular to the isentropic surface and f is the planetary vorticity (Ertel, 1942; Charney,

1948).

Although instantaneous PV fields can effectively describe the structure of the ASMA, including sub-vortices, they cannot

directly distinguish changes driven by intensification from those driven by propagation. To address this, we analyze the PV

tendency, which explicitly quantifies the processes responsible for changes in PV over time. Assuming friction is negligible for160

the large-scale UTLS flow, the PV tendency is approximated as the sum of dynamic (advective) and thermodynamic (diabatic)

terms:

∂PV

∂t
=−u

∂PV

∂x
− v

∂PV

∂y
− θ̇

∂PV

∂θ
+Qθ (3)

where θ̇ is the (diabatic) vertical velocity in potential temperature coordinates and Qθ represents the PV tendency from total

diabatic heating (including both radiative and non-radiative processes). Keeping only the vertical component of the diabatic165

source term, we have:

Qθ ≡ PV

(︄
∂θ̇

∂θ

)︄
(4)

To further clarify the drivers of ASMA variability, we decompose the flow into a time-mean zonal-mean background flow

(φ̄) and a perturbation flow (φ′), such that φ(x,y,p, t) = φ(y,p)+φ′(x,y,p, t) (Tamarin and Kaspi, 2016). The PV tendency

equation can then be expanded to highlight variations in intensification:170

∂PV

∂t
=

∂PV′

∂t
≈−ū

∂PV′

∂x
−u′ ∂PV

′

∂x
− v

(︃
∂PV

∂y
+

∂PV′

∂y

)︃
− θ̇

(︃
∂PV

∂θ
+

∂PV′

∂θ

)︃
+
(︁
PV+PV′)︁ ∂θ̇

∂θ
(5)

Here, −ū∂PV′/∂x represents the advection of the PV perturbation by the background zonal flow (referred to as ‘mean zonal

advection’), while −v∂PV/∂y corresponds to the meridional advection of background PV (‘meridional mean advection’).

The terms −u′ ∂PV′/∂x and −v∂PV′/∂y are collectively referred to as ‘nonlinear horizontal advection’, with −θ̇∂PV/∂θ

representing total diabatic vertical advection (Tamarin and Kaspi, 2016; Kang and Son, 2021). Among the variables, only u175

and PV are split into a time-mean background and a perturbation component (i.e. v′ = v and θ̇′ = θ̇). This is tantamount to

defining the background state as the time-mean tropical easterly jet and subtropical westerly jet, averaged zonally across the

ASMA and separated by the zonally-oriented u= 0 ridgeline. The zonal advection of mean PV, −u∂PV/∂x, vanishes because

the background PV field is defined to be zonally uniform along the ridgeline (i.e. ∂PV/∂x= 0).

We adopt potential temperature as the vertical coordinate for analysis due to its advantages for studying upper-tropospheric180

dynamics, particularly those related to PV (Hoskins et al., 1985). Isentropic surfaces, which are defined as surfaces of constant

potential temperature θ, are intrinsically aligned with adiabatic air parcel motion. This alignment simplifies interpretation of

PV evolution because PV is conserved under adiabatic, frictionless conditions, making it easier to track air mass movement

and isolate the key dynamical and thermodynamic mechanisms driving ASMA variability. In addition, this coordinate system

simplifies the vertical term, as the adiabatic component of vertical motion is wrapped into the horizontal advective terms. The185

local rate of change of PV on the 370 K isentropic surface is thus governed primarily by horizontal advective transport of PV,

modified by diabatic transport and diluted by diabatic vertical convergence, as expressed in Eq. (5).
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Figure 2. An illustrative example of vortex center identification in the ASMA region based on JRA-3Q products at 370 K on 17 August 2019

at 00UTC: (a) potential vorticity, PV; (b) relative vorticity, ζ; (c) zonal wind, u, including the zero-wind u= 0 ridgeline (gray line) as well

as identified vortex centres (red crosses), and Montgomery stream function (MSF; black contours); and (d) MSF along the u= 0 ridgeline

as a function of longitude, along with the identified vortex centers (red dots).

.

One key uncertainty concerns the assumption of frictionless flow, as convective momentum transport, gravity wave drag, and

shear-flow instability could all modify the flow near the monsoon tropopause. Assimilation effects on winds and temperatures

can also be locally large in reanalyses, especially in the vicinity of complex topography such as the Tibetan Plateau (e.g.190

Wright et al., 2025). However, these effects are often tied to topography, and are therefore difficult to interpret and potentially

confounding in a vortex-relative framework such as the one adopted here. We center our analysis around the model-generated

diabatic heating terms to better attribute these contributions and their consistency across reanalyses, and defer a more complete

accounting of assimilation effects and parameterized momentum sources and sinks to future work.
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4 Results195

4.1 Movement of vortex centers within the ASMA

Montgomery stream function (MSF), relative vorticity, and zonal wind are used to identify and track multiple vortex centers

within the ASMA over the domain 0◦-180◦E and 15◦-45◦N during the period 2000–2020. Figure 2 shows an illustrative

example of vortex identification on the 370 K isentropic surface using the method described in Section 3. Figure 2 highlights

the dynamical consistency among potential vorticity (PV; Fig. 2a), relative vorticity (ζ; Fig. 2b), and MSF and zonal wind200

(u; Fig. 2c). Vortex centers are identified at locations where MSF reaches a local maximum along the u= 0 ridgeline. These

vortices are likewise characterized by negative relative vorticity (ζ < 0) and small values of PV. The typical number and

frequency of ASMA vortex centers from May to August are shown in Fig. 3 for JRA-3Q, with results for other reanalyses

shown in Fig. S1 of the supporting information. The most frequent centroid locations are consistent across the three reanalysis

products, with JRA-3Q and ERA5 agreeing particularly well (Fig. S1; see also Fig. 3). The longitude–frequency distribution205

(Fig. 4) shows three distinct modes: an ‘Iranian Plateau’ (IP) mode near 50◦E, a ‘Tibetan Plateau’ (TP) mode near 90◦E, and a

‘Western Pacific’ (WP) mode at 135◦–150◦E, in agreement with previous studies (Honomichl and Pan, 2020; Siu and Bowman,

2020). These modes correspond to the Iranian, Tibetan, and Bonin (Ogasawara) highs (Enomoto et al., 2003; Enomoto, 2004).

The Bonin High (BH) is the closed anticyclonic system corresponding to the Western Pacific mode of the ASMA, with its center

located near the Bonin Islands in the Northwest Pacific. The TP and WP modes are often collectively associated with the South210

Asian High, while the IP and TP modes exhibit clear spatial interaction (e.g. Zhang et al., 2002; Nützel et al., 2016; Zhang

et al., 2025). Moreover, part of the WP mode, which occurs mainly later in the monsoon season, can be linked to eastward

eddy shedding. As shown by Nützel et al. (2016), the occurrence frequencies of the IP and TP modes are concentrated within

25◦-35◦N and 45◦-100◦E. Siu and Bowman (2020) also highlighted a broad region of frequent vortex occurrence associated

with the Bonin High (BH) over 120◦-180◦E, where vortices are generally weaker than those defining the IP and TP modes.215

Overall, the vortex tracking results presented here are consistent with previous studies in both spatial distribution and frequency

characteristics.

To gain a better understanding of ASMA variability, particularly the pronounced trimodal structure from May to September,

Hovmöller diagrams are constructed to illustrate the spatiotemporal evolution of vortex centers. These diagrams depict the

densities of longitudinal and latitudinal positions of anticyclonic vortices within the ASMA as a function of time of year. The220

trimodal structure comprising the IP, TP, and BH modes is clearly evident in panels (a)–(c) of Fig. 4. The longitudinal ranges of

the vortex centers are well defined, with climatological centers for the IP, TP, and BH modes located at approximately 45◦-65◦E,

85◦-100◦E, and 135◦-145◦E longitude, respectively. The relative prevalence of these three centers likewise shows a clear

seasonal evolution, with the TP center dominant during May, IP from mid-June to mid-July, and a shift back to predominantly

TP centers as the BH emerges in August and September. The ASMA exhibits a clear latitudinal evolution of vortex centers225

as well, with a northward migration of vortex density in early boreal summer followed by a southward migration later in the

season. The northernmost position of approximately 40◦N is reached between 15 July and 14 August. This behavior is likewise
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Figure 3. The spatial distributions of anticyclonic vortex center occurrence on the 370 K isentropic surface based on JRA-3Q during May–

September 2000–2020. (a) Cumulative total count of vortex center detections across all 6-hourly time steps. Note that multiple vortex centers

may coexist at individual time steps, consistent with the trimodal structure of the ASMA. (b) Occurrence frequency, defined as the fraction

of all 6-hourly time steps at which a vortex center is detected in the vicinity of each grid point. The red labels ‘IP’, ‘TP’, and ‘WP’ in (b)

mark the peaks associated with the Iranian Plateau mode, the Tibetan Plateau mode, and the Western Pacific, respectively.

consistent with previous findings (Nützel et al., 2016, 2022). Persistent vortices account for more than 65% of identified vortex

centers in ERA5 and JRA-3Q, while transient vortices occur much less frequently (Table S1).

Figure 5 shows four examples of anticyclone evolution during May–September of the years 2000, 2005, 2010, 2015, and230

2020. The panels show PV fields on the 370 K isentropic surface, with color shading ranging from 0 to 2 PVU. Low-PV

structures in JRA-3Q are highly consistent with the locations of the identified anticyclone centers. Many anticyclonic features

show evidence of westward propagation, although some features propagate eastward, especially in the early and late mon-

soon, and periods of long-lasting quasi-stationary centers are also evident (e.g. August 2020). Tails extending toward both

the eastern and western boundaries indicate eddy shedding events (Popovic and Plumb, 2001). There remains no universally235

accepted quantitative threshold for defining eddy shedding in the ASMA, as it involves gradual vortex splitting, detachment,

and westward/eastward propagation that is inherently continuous and difficult to discretize objectively. We therefore mark only

a handful of typical, visually clear cases to illustrate eddy shedding behavior in Fig. 5, rather than attempting to label every

event. The Western Pacific sector lies within the southward-flowing, eastward flank of the anticyclone, where high-PV air from

the extratropical lowermost stratosphere is often advected toward lower latitudes. This southward mean advection contributes240

to the enhanced PV there (Wang et al., 2022). Although vortex motion is predominantly zonal (east–west), many vortices also

experience meridional (north–south) displacements during their life cycles (not shown).
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Figure 4. Evolution of vortex occurrence counts based on applying the vortex tracking algorithm at 370 K level from 2000 to 2020 in the

(a)–(c) time–longitude and (d)–(f) time–latitude phase spaces. Results are shown for the (a),(d) JRA-3Q, (b),(e) ERA5, and (c),(f) MERRA-2

reanalysis products.

4.2 Development of vortex centers within the ASMA

Figure 6 shows vertical cross-sections for each term in Eq. (3). The extents are defined as ±30◦ in longitude and ±15◦ in

latitude relative to the center of the vortex. A dipolar structure of positive and negative PV tendencies is evident in both the245

horizontal advection terms (Fig. 6a-b). In the composite mean, zonal PV advection exhibits a positive tendency to the west and a

negative tendency to the east of the vortex center above 300 hPa, while meridional advection is positive to the east and negative

to the west as opposed to dipolar pattern thus largely cancel when the horizontal advection terms are summed together (Fig. 6c)

and they yield a tripolar structure. The net time tendency of PV (Fig. 6d) shows a similar pattern but with smaller amplitude.

The dipole patten features positive tendencies peaking immediately west of the vortex center, flanked by negative tendencies250

on both east and west, although the negative tendencies to the west are considerably farther from the vortex center. Focusing
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Figure 5. Time–longitude plots of 6-hourly PV at 370 K over the latitudinal band between 20°N and 40°N in 2000, 2005, 2010, 2015, and

2020 based on JRA-3Q. Light blue, cyan, and green dots represent the locations of persistent anticyclonic vortex centers in the IP, TP, and

BH regions, respectively. Grey dashed circles mark exemplary eddy shedding events.

on the tendencies close to the vortex center, the sum of horizontal advection terms exhibits a dipolar structure (Fig. 6c) with

positive values to the west and negative values to the east of the vortex center. Physically, this pattern corresponds to eastward

propagation of the anticyclonic vortex in which positive PV tendencies erode the low-PV anomaly on the western flank, while

negative PV tendencies reinforce it on the eastern flank, causing the entire vortex core to move eastward over time.255

The dipolar signature is driven primarily by horizontal advection and accounts for the zonal translation of the vortex. When

diabatic source terms are incorporated, the total PV tendency develops a characteristic tripolar structure (Fig. 6d). This dipolar

structure arises from the superposition of two physically distinct processes, an advective east–west dipole that governs zonal

propagation, and a central monopole that modulates vortex intensification. The flanking dipolar components, dominated by

net horizontal advection, set the speed and direction of vortex movement. The central component, driven mainly by diabatic260

heating and its vertical gradient, modulates the overall strength of the low-PV core without displacing its horizontal position.

A negative central tendency strengthens the anticyclone, while a positive central tendency weakens it.

Diabatic heating plays an influential role in setting the PV tendency and is essential for anticyclonic vortex development. The

vertical structure of diabatic heating is defined by a balance between latent heating and radiative cooling below about 360K

and dominated by radiative heating above this level. Figure 7 illustrates the distribution of diabatic heating around the identified265

anticyclonic vortices. On average, the identified vortices show strong deep convective heating collocated with the vortex center
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Figure 6. Composite-mean PV tendencies from (a) zonal advection (−u∂PV/∂x), (b) meridional advection (−v∂PV/∂y), (c) the sum of

zonal and meridional advection, and (d) the net time tendency (∂PV/∂t). PV anomalies are shown as black dashed contours at 0.1 PVU

intervals from −0.2 to −0.5 PVU. The horizontal axis indicates the longitude relative to the vortex center. Results are shown for the (a1-d1)

JRA-3Q, (a2-d2) ERA5, and (a3-d3) MERRA-2 reanalysis products.

and below the eastern flank of the vortex, with much weaker heating below the western part of the vortex. Radiative heating in

the upper levels also peaks near the center of the vortex, especially in ERA5 (Fig. 7a2). Strong radiative cooling in the lower

levels compensates much of the positive anomaly in convective heating below 360 K, creating a band of negative net heating

around 355–360 K that extends downward to 350 K in the western part of the vortex (Fig. 7c).270

The contributions of diabatic heating to vortex evolution can be separated into two terms. The first of these corresponds

to diabatic vertical advection, as shown in Fig. 8 (the horizontal distribution on the 370 K isentropic surface is provided in

Fig. S3). In this term, the diabatic heating distributions shown in Fig. 7 operate on the partial derivative of PV with respect

to potential temperature. PV increases with height, with a local minimum at the vortex center that is strongest in ERA5 and

weakest in MERRA-2 (Fig. S2). As a result, upward vertical velocities tend to reduce PV and downward vertical velocities275
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Figure 7. Composite-mean diabatic vertical velocities (θ̇) due to (a) radiation, (b) latent (JRA-3Q, MERRA-2) or non-radiative (ERA5) heat-

ing, and (c) all parameterized physics based on the (a1-c1) JRA-3Q, (a2-c2) ERA5, and (a3-c3) MERRA-2 reanalyses. The horizontal axis

indicates the longitude relative to the vortex center. Contour lines show differences relative to the zonal mean across the eastern hemisphere

(0°–180°E).

tend to increase PV. The net effect is a vertical dipole centered just below 360 K, with positive tendencies below and negative

tendencies above this level. Whereas the qualitative structure is set primarily by the distribution of radiative heating, latent

heating acts to shift the zero line downward. Further investigation shows that the positive tendency associated with latent

heating near the vortex center results from collocation of the largest positive latent heating with a local reversal of the vertical

gradient of PV.280

Figure 9 shows PV tendencies induced by the vertical divergence of different diabatic heating components: radiative heating

(Qrad), latent (QLH; JRA-3Q and MERRA-2) or non-radiative heating (Qnon; ERA5), and total diabatic heating (Q). The vertical

divergence of radiative heating produces a strong positive tendency at these altitudes (Fig. 9a), primarily contributed by the

increase in background radiative heating with increasing height (Fig. 7a). These tendencies indicate that the vertical structure

of radiative heating in the UTLS, where tropospheric radiative cooling transitions to stratospheric radiative heating, generally285

acts to spin down the monsoon anticyclone through the diabatic source term. Beyond this general tendency, the spatial structure

of radiative heating effects around the vortex center shows a stronger positive tendency in the eastern part of the vortex and

a weaker positive tendency near the center of the vortex: the spin-down effect is less pronounced near the center of active

anticyclonic vortices. Examination of Fig. 7, which shows that the composite mean vertical gradient of θ̇ is largest near the

15



30 20 10 0 10 20 30350

355

360

365

370

375
 (K

)
(a1) JRA-3Q: rad

PV

0.005 0.005

0.005

0.010
30 20 10 0 10 20 30350

355

360

365

370

375
(a2) ERA5: rad

PV

0.005 0.005

0.010

30 20 10 0 10 20 30350

355

360

365

370

375
(a3) MERRA2: rad

PV

0.
01

0 0.005

0.005

0.
00

5 0.
01

0
0.0

15

30 20 10 0 10 20 30350

355

360

365

370

375

 (K
)

(b1) JRA-3Q: LH
PV

0.005

30 20 10 0 10 20 30350

355

360

365

370

375
(b2) ERA5: non

PV

0.005

30 20 10 0 10 20 30350

355

360

365

370

375
(b3) MERRA2: LH

PV

0.005

30 20 10 0 10 20 30
Relative Longitude (°E)

350

355

360

365

370

375

 (K
)

(c1) JRA-3Q: PV

0.005 0.005

30 20 10 0 10 20 30
Relative Longitude (°E)

350

355

360

365

370

375
(c2) ERA5: PV

0.005 0.005

0.005
0.010

30 20 10 0 10 20 30
Relative Longitude (°E)

350

355

360

365

370

375
(c3) MERRA2: PV

0.005
0.005

0.
00

5

0.010

0.10

0.05

0.00

0.05

0.10

PV
U 

(d
ay

)
1

Figure 8. Composite-mean PV tendencies (shading; PVU day−1) due to diabatic vertical advection of PV from (a) radiative heating, (b)

latent or non-radiative heating, and (c) total diabatic heating based on the (a1-c1) JRA-3Q, (a2-c2) ERA5, and (a3-c3) MERRA-2 reanalysis

products. Black contours show deviations from the background zonal-mean for the corresponding term. The horizontal axis indicates the

longitude relative to the vortex center.

vortex center, indicates that this local minimum primarily reflects the local minimum in PV. By contrast to radiative heating,290

the decrease in latent heating with increasing height near the tops of deep convective clouds produces negative PV tendencies

(Fig. 9b). These negative tendencies show two peaks. The first is located near the center of the vortex, where it supplements

the weaker positive radiative tendencies noted above. The second is located in the eastern sector of the vortex, where it offsets

at least part of the stronger positive radiative tendencies. The net effect of the vertical divergence of diabatic heating (Fig. 9c)

is to spin down the negative PV anomaly at higher altitudes, with stronger effects near the edges of the vortex and weaker295

effects near the center. The three reanalyses show large differences in the vertical locations of these effects and their relative

magnitudes. Whereas positive tendencies in JRA-3Q peak near 360 K, positive tendencies in ERA5 and MERRA-2 increase

with increasing height. Moreover, both ERA5 and MERRA-2 show negative tendencies in the lower part of this vertical range

extending eastward from the vortex center. These differences may be explained by stronger anvil cloud radiative effects in

ERA5 and MERRA-2 (Wright et al., 2020), which weakens the vertical gradient of radiative heating by producing positive300

longwave heating effects below the anvil and negative effects above the anvil (Fig. 7a). Like the earlier JRA-55 reanalysis,

JRA-3Q produces very little prognostic cloud ice at these altitudes (Zhang et al., 2025). Meanwhile, the gradient in diabatic
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Figure 9. Composite-mean PV tendencies (shading; PVU day−1) from the vertical divergence of (a) radiative heating Qrad, (b) non-radiative

heating Qnon, and (c) total diabatic heating Q based on the (a1-c1) JRA-3Q, (a2-c2) ERA5, and (a3-c3) MERRA-2 reanalysis products. Black

contours show deviations from the background zonal mean for the corresponding term. The horizontal axis indicates the longitude relative to

the vortex center.

source tendencies in MERRA-2 is larger than those based on the other two reanalyses, owing to larger values of PV throughout

this altitude range (Fig. S2 in the online supplement).

Figures 10 and 11 show latitude–longitude distributions of the diabatic source term on the 350 K and 370 K levels based on305

JRA-3Q (equivalent distributions based on ERA5 and MERRA2 are shown in Figs. S5 and S6). Results are shown separately

for vortices associated with the IP, TP, and BH modes of the ASMA. Radiative heating (Fig. 10a-c) produces strong positive

PV tendencies to the north of the vortex core at 350 K, indicating an increase in radiative heating with increasing potential

temperature acting to increase PV and weaken the vortex. By contrast, latent or non-radiative heating (Fig. 10d-f) generates

strong negative PV tendencies south of the vortex center. The associated reduction in PV enhances the anticyclonic vorticity310

and contributes to vortex intensification or propagation. The total diabatic heating (bottom row), which combines both radiative

and latent effects, shows a net negative PV tendency along the southern flank the vortex and opposing effects along the northern

flank. The orientation of this dipole between positive and negative tendencies differs between vortices associated with the IP,

TP, and BH modes, primarily owing to differences in the latent heating component. Whereas the latent heating intensification

is located in the southeast for the IP mode, it is located in the south for the TP mode, and mainly to the southwest of the vortex315

center for the BH mode. Meanwhile, positive tendencies wrap around the western flank of IP-mode vortices and the eastern
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Figure 10. PV tendencies from the vertical divergence of (a)-(c) radiative heating, (d)-(f) latent or non-radiative heating, and (g)-(i) their sum

on the 350 K isentropic surface based on JRA-3Q. Results are shown for the (a,d,g) Iranian Plateau (IP), (b,e,h) Tibetan Plateau (TP), and

(c,f,i) Bonin High (BH) vortices. Black dashed contours show the PV anomaly at 350 K from −1 to 0 PVU at an interval of 0.3 PVU. The

horizontal and vertical axes indicate longitude and latitude relative to the vortex center, respectively.

flank of BH-mode vortices. These distributions of the diabatic source term will tend to pull vortices in all modes back toward

the southern flank of the central ASMA, where the convective core of the monsoon is located, and inhibit their propagation

away from this center. We note that these distributions are composite means over many vortex centers; the tendencies associated

with individual vortices may differ.320

The dipole patterns shown in Fig. 10 are weaker on the 370 K level, as shown in Fig. 11. This difference largely results

from a redistribution of the positive tendencies due to radiative heating and a weakening of the negative tendencies due to

latent heating. In particular, positive tendencies due to radiative heating at 370 K are weakest within the anticyclonic vortices

and strongest toward the convective core of the monsoon. Although the net effect of both terms is to weaken the vortices, the

total positive tendencies are weakest from the center toward the southeast for IP-mode vortices and from the center toward the325

southwest for TP-mode vortices (with a second local minimum in the far southeast). The distribution associated with BH-mode

vortices has a more complex structure, with minima to the north and southeast, relatively strong positive tendencies near the

vortex center, and stronger positive tendencies to the east and west.

On average, diabatic heating exerts a southward pull on anticyclonic vortices at 370 K, with both latent heating and radiative

processes contributing to this tendency. However, the magnitude of the diabatic heating term is small relative to that of hori-330
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Figure 11. As in Fig. 10, but for the 370 K isentropic surface.

zontal advection, particularly north of the vortex center (Fig. 12; equivalent results based on ERA5 and MERRA2 are shown

in Figs. S7 and S8). Vertical advection produces a net negative tendency at 370 K, which is located above the level of zero net

radiative heating (Fig. 7a). This advection thus represents a supply of low-PV air from lower altitudes. The combined effects of

vertical advection, horizontal advection, and total diabatic heating produce a tripolar structure associated with the anticyclone

(Fig. 12g-i). The three poles of this structure include a predominantly advective dipole along the northern flank of the vortex,335

characterized by strong negative tendencies to the northeast of the vortex center and positive tendencies to the northwest, and a

more monopolar distribution that straddles the vortex center in the south. Warm, moist air with low values of PV is transported

upward to the southeast of the vortex and then westward along the southern flank. These two effects combine to produce the

predominantly negative net tendencies at latitudes south of the vortex center, which we refer to as the monopole (Fig. 12g-i).

Meanwhile, the background zonal flow (i.e. the subtropical westerly jet) imports relatively high values of PV from upstream340

of the vortex and exports relatively low values downstream, explaining the dipole along the northern flank (see also Fig. 6a).

The PV tendency equation provides a useful framework for examining how vortices within the ASMA evolve over time. To

better quantify the contributions of each term to intensification and propagation, we take the PV tendencies inside the boxes

marked in Fig. 12 to represent vortex development. Propagation is taken to be defined by the dipole situated along the northern

flank of the composite vortex, as represented by the red and blue boxes:345

q̇prop = q̇Wprop − q̇Eprop (6)
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Figure 12. PV tendencies from (a)-(c) the vertical divergence of diabatic heating, (d)-(f) horizontal advection, and (g)-(i) their sum along

with vertical advection on the 370 K isentropic surface. Black dashed contours show the PV anomaly at 370 K from −1 to 0 PVU at an

interval of 0.3 PVU. The horizontal and vertical axes indicate longitude and latitude relative to the vortex center, respectively. The red boxe

in the lower row indicates the main areas of net positive PV tendencies, while the blue box indicates regions of net negative PV tendencies.

Table 3. Geographical ranges in relative latitude and longitude (given as latitude; longitude) for the areas used to calculate the propagation

term q̇prop. Positive values of relative longitude indicate locations east of the vortex center and positive values of relative latitude indication

locations north of the vortex center. Colors refer to boundaries outlined in Fig. 12g-i.

Mode Western (red) box Eastern (blue) box

Term q̇Wprop q̇Eprop

IP 5◦to 15◦; -20◦to -5◦ 5◦to 15◦; -5◦to 20◦

TP 5◦to 15◦; -15◦to 0◦ 5◦to 15◦; 5◦to 25◦

BH 3◦to 13◦; -13◦to 2◦ 3◦to 13◦; 10◦to 25◦

where q̇Wprop is the average tendency in the red (western) box and q̇Eprop is the average tendency in the blue (eastern) box. By

this definition, a positive value of q̇prop indicates an eastward propagation tendency. The locations of the western and eastern

boxes for each mode are listed in Table 3. Intensification (q̇int) is taken to be defined by the monopole straddling the vortex

center, defined as the average tendency within the purple boxes outlined in Fig. 12 (−10◦ to +10◦ relative longitude and −10◦350

to +5◦ relative latitude). The same ranges in relative longitude and latitude are used to define q̇int for all three vortex modes.
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The diabatic term Qθ (Eq. (4)) is often important for understanding vortex intensification. By analyzing the PV tendency

on 370 K, we can directly isolate and quantify the impacts of latent heat release (i.e. convective heating) and radiative heating

on the time evolution of PV in each of the three modes relative to those of other processes. The rapid decrease in convective

heating with height below the 370 K surface creates a negative PV tendency on that surface (Fig. 11), directly linking convective355

processes to large-scale dynamics. This negative tendency is supplemented by upward advection of low PV, especially above

360 K (Fig. 8c), but opposed by the increase in radiative heating with increasing height (Fig. 9a). The total diabatic heating

term (−θ̇∂PV/∂θ+Qθ) features local minima consistent with deep convection near the vortex core (Fig. 11d-f), especially

for vortices in the TP and BH modes (Fig. 12a-c). This negative PV tendency reduces radiative spin-down of the anticyclonic

circulation, while horizontal PV advection (Fig. 12d-f) introduces the northern dipole pattern.360

Contributions from each term in Eq. (5) to anticyclone intensification are shown in Fig. 13. A larger positive PV tendency

corresponds to a weakening of the anticyclone, whereas negative PV tendencies indicate strengthening. The PV tendency

decomposition highlights the common dynamics underlying the maintenance of different ASMA modes, as well as key differ-

ences across modes and among reanalysis products. Across all modes, the net advective contributions are small, with substantial

compensation among the terms, although the extent of cross-term compensation varies among the different modes. For the IP365

mode, background zonal advection contributes to weakening anticyclonic vortices, consistent with the location of this mode in

the western part of the anticyclone. For the BH mode, nonlinear advective contributions act to weaken vortices, consistent with

the location of this mode near the eastern flank of the anticyclone, where the subtropical westerly jet exit region and the tropical

easterly jet entrance region create a critical zone that hosts frequent wave breaking. For the TP mode, advective contributions

to the intensification monopole are weak, consistent with its location near the center of the climatological ASMA (Nützel et al.,370

2016). By contrast, diabatic contributions to vortex intensification are larger for the TP mode than for the other two modes.

Latent heating and diabatic vertical advection act to strengthen vortices in this mode, whereas radiative heating typically acts

to weaken it. The composite-mean balance of these terms varies substantially across the three reanalyses: strengthening in

ERA5, weakening in MERRA-2, and near-zero net tendencies in JRA-3Q. Both radiative and non-radiative heating contribute

to these differences. The results show greater consistency across the reanalyses for the IP mode, where the latent heating375

source is weak and the net tendency is dominated by radiative damping offset by diabatic ascent. BH mode vortices are weakly

damped in ERA5, moderately damped in JRA-3Q, and strongly damped in MERRA-2. The weaker damping in ERA5 derives

from meridional advection-induced strengthening supplementing latent heating and diabatic ascent, while the stronger damp-

ing in MERRA-2 is due to greater radiative heating-induced spin-down. Indeed, radiative damping is considerably stronger in

MERRA-2 than in the other reanalyses for all three modes, leading to stronger overall vortex damping via net q̇int and its total380

diabatic component in this reanalysis.

Figure 14 shows contributions from each term in Eq. (5) to anticyclone propagation (q̇prop), as defined in Eq. (6). Total

tendencies are eastward (positive) due to the dominant contributions of zonal advection, indicating the critical influence of

the subtropical westerly jet in advecting individual vortices eastward relative to the surface. The balance of all other terms is

dominated by meridional advection, which offsets the eastward contribution of the zonal background flow. This contribution in-385

dicates that, despite moving eastward on average relative to the surface, the vortices in all three modes typically move westward
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Figure 13. Contributions of dynamical and thermodynamic processes in Eq. (5) to mean intensification-oriented PV tendencies in the central

monopole (q̇int; averaged over the purple boxes in Fig. 12g-i) for vortices in the (a) IP, (b) TP, and (c) BH modes. Each group of three bars

corresponds to JRA-3Q on the left, ERA5 in the center, and MERRA-2 on the right. Numbers on the bars denote percentage contributions

to the total tendency as shown by the set of orange bars toward the left edge of each panel. Terms include mean zonal advection, meridional

advection, perturbation (nonlinear) zonal advection, diabatic vertical advection, and the source terms due to vertical divergence of latent,

radiative, and total heating, respectively. See section 3.2 for definitions.

relative to the background flow due primarily to the meridional advection of potential vorticity, the dominant term governing

Rossby wave propagation. Other contributions are negligible by comparison. Both the eastward contribution from mean zonal

advection and the westward contribution from meridional advection are considerably weaker in MERRA-2 than in the other

two reanalyses, whereas ERA5 and JRA-3Q show close agreement in these primary terms. Inter-reanalysis differences in the390

overall magnitude of q̇prop are explained to close approximation by differences in perturbation zonal advection, particularly
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Figure 14. As in Fig. 13, but for contributions to propagation-oriented PV tendencies in the northern dipole (q̇prop; red and blue boxes in

Fig. 12g-i). Positive contributions indicate eastward propagation.

the stronger eastward propagation tendency of BH-mode vortices in MERRA-2 and the weaker eastward propagation tendency

of TP-mode vortices in ERA5.
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5 Discussion

Our findings on the trimodal structure, PV tendency dynamics, and eddy shedding behavior of the ASMA build upon the work395

of Nützel et al. (2016) and Siu and Bowman (2020), while helping to resolve key discrepancies, quantify the contributions of

previously unaddressed mechanisms, and clarify the sources and scales of uncertainties across different reanalysis products.

A central debate in ASMA research concerns its modal structure. Early studies centered around the concept of bimodality in

the ASMA, due in large part to the strong preference toward the IP and TP modes in the NCEP-NCAR reanalysis with support

from climate model simulations (Zhang et al., 2002; Zhou et al., 2006; Yan et al., 2011). Nützel et al. (2016) challenged this400

bimodality based on analysis of 100 hPa geopotential height from the previous generation of reanalysis products used in this

work (i.e. ERA-Interim, JRA-55, and MERRA), finding clear evidence of bimodality only in the NCEP-NCAR and NCEP-

DOE reanalyses. They proposed that, rather than being bimodal, the center of the ASMA fluctuates across the longitudinal

span between the IP and TP centers, neglecting the Western Pacific/BH mode. Our analysis, which employs three modern high-

resolution reanalysis datasets (ERA5, JRA-3Q, and MERRA-2) and tracks vortices on the 370 K isentropic surface, supports405

the modality of the ASMA and highlights the BH within 135°E–150°E as a robust third mode. The consistency across the three

reanalysis products supports the findings of Siu and Bowman (2020), who documented the frequent occurrence of BH vortices

using MSF based on the ERA-Interim reanalysis. The discrepancy with Nützel et al. (2016) may arise from two factors. First,

Nützel et al. (2016) used pressure-level data (100 hPa) on a slightly higher level and coarser spatial grid, where BH signals

may be obscured by strong zonal flow. The isentropic framework adopted here better resolves the UTLS region, where weaker410

anticyclonic centers are more clearly resolved. Second, Nützel et al. (2016) focused on the June–August period of the peak

South Asian monsoon. Our results indicate that the BH mode emerges mainly during August–September, as the Western North

Pacific maritime component of the monsoon matures (Wu and Wang, 2001; LinHo and Wang, 2002).

The PV tendency diagnostics presented here extend the work of Garny and Randel (2013), who associated low-PV regions

with convective heating but did not explicitly quantify the processes governing PV temporal evolution. Garny and Randel415

(2013) also noted that pre-existing low-PV conditions over the Asian monsoon region complicate the separation of intrinsic

ASMA intensification from background variability. This issue is addressed in the present study by decomposing PV tendency

into dynamical (isentropic horizontal advection) and thermodynamic (diabatic) components. Our results indicate that mean

zonal and meridional advection are the largest individual contributors to vortex propagation, governing propagation relative to

the These tendencies largely offset each other, yielding similar net contributions to vortex propagation despite differences in the420

amplitudes of individual terms between MERRA-2 and the other two reanalysis products. Contributions to intensification are

more variable across the reanalyses, reflecting the pre-eminent contribution of diabatic heating to PV tendencies near the center

of the vortex. Manney et al. (2021) documented the ASMA core on 350–410 K isentropic surfaces, but did not investigate PV

dynamics. Here, we demonstrate that a dipole in advective PV tendencies (positive to the west of the vortex center and negative

to the east) governs the zonal propagation of the anticyclone across its three modes, while a central diabatic monopole governs425

changes in vortex intensity.
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We note a conceptual difference in the diabatic heating decomposition among the three reanalysis products, which intro-

duces uncertainty in the interpretation of the moist physics-related PV tendency terms shown in Figs. 7b, 8b, and 9b. Whereas

MERRA-2 and JRA-3Q provide explicit, separate output for radiative and moist physics-related (i.e. LH) temperature tenden-

cies, no direct moist-physics output is available for ERA5. We use non-radiative heating instead, computed as a residual: total430

physics temperature tendency minus net radiative tendencies (mttpm−mttswr−mttlwr; see Section 2). This residual includes

contributions from additional parameterised processes (turbulent mixing, gravity-wave drag, etc.), which are explicitly sepa-

rated from the moist physics terms based on MERRA-2 and JRA-3Q. This methodological mismatch may impact comparisons

of the quantitative amplitude of the moist physics-related PV tendencies between ERA5 and the other two reanalyses. How-

ever, direct comparison of the spatial patterns of non-radiative versus moist physics PV-tendency anomalies for MERRA-2 and435

JRA-3Q (Figs. S9-S10) indicates that differences related to this conceptual difference are small. Our core large-scale dynamical

conclusions regarding the competition between advection and diabatic forcing, the tripolar PV-tendency signature, and mode-

specific differences are not sensitive to this choice, and do not depend on the exact magnitude of the ERA5 residual-estimated

non-radiative heating.

Regional characteristics, particularly those related to the underlying surface, further modulate ASMA dynamics. These440

effects are reflected in the distinct drivers of each mode. The IP mode is shaped by continental-scale advection and moderate

diabatic forcing (Fig. 12a,g; see also Figs. S7g and S8g), in which radiative damping outweighs convective intensification on

average and acts to dissipate the mode. The TP mode is distinguished by strong latent heating along the southern slope of the

Himalayas and the elevated heating of the Tibetan Plateau (Fig. 10 and 11). This localized heating yields a net tendency toward

intensification in JRA-3Q (Fig. 12h) and ERA5 (Fig. S7h), but not in MERRA-2 (Fig. S8b,h). The BH mode is governed by445

strong diabatic heating that emerges over the Western Pacific during the later part of the monsoon heating; however, advection

produces a strong propagation tendency in this mode that outweighs a weak diabatic tendency toward intensification near the

center of the vortex (Fig. 12c,f,i). Again, the composite balance of terms for this mode based on MERRA-2 (Fig. S8) differs

from that based on ERA5 (Fig. S7) or JRA-3Q (Fig. 12), primarily due to a stronger positive radiative tendency (Figs. 8, S4)

that may reflect the particularly strong cloud radiative effects characteristic of MERRA-2 (Wright et al., 2020).450

Overall, our identification of the three primary vortex modes is consistent with the interpretation of Randel and Park (2006),

who argued that distinct modes of the ASMA are aligned with the warmest tropospheric columns. In this context, future work

should explore how teleconnections (e.g. ENSO; Yan et al., 2018) modulate ASMA modality and eddy shedding frequency, as

well as the impact of anthropogenic forcing (Tweedy et al., 2021; Qie et al., 2025) on the stability and variability of the ASMA.

6 Conclusions455

This study systematically examines the key dynamical mechanisms of the ASMA through comprehensive analyses of three

state-of-the-art reanalysis datasets via a PV tendency diagnostic. One robust finding across the three reanalysis products is the

trimodal structure of the ASMA during boreal summer, which is characterized by persistent anticyclonic centers over the IP, TP,

and BH with a distinct seasonality. This finding clarifies the challenge to bimodality reported by Nützel et al. (2016), suggesting
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that the broader distributions of ASMA center in more recent reanalysis products results from seasonal migration of the primary460

longitudinal modes. Our multi-center vortex tracking algorithm further affirms the BH as a distinct third mode that emerges

late in the monsoon season as the Western North Pacific monsoon matures (LinHo and Wang, 2002; Siu and Bowman, 2020).

The trimodality and its dominant seasonality are highly consistent across the three recent reanalysis products, despite some

quantitative discrepancies in MERRA-2. The drivers of vortex evolution highlighted by the composite PV tendency analysis

are less robust across the reanalyses, emphasizing continued uncertainties in mechanistic attribution using reanalysis products.465

Key contributors to inter-reanalysis differences include nonlinear advection and diabatic heating, with substantial contributions

from both convective and radiative components of diabatic heating. New budget diagnostics that explicitly include tendencies

due to data assimilation (Wright et al., 2025; Zhang et al., 2025) may help to further disentangle these uncertainties.

The ASMA-specific PV tendency diagnostic developed herein extends the PV-based analytical method pioneered by Garny

and Randel (2013) by quantifying the dynamical and diabatic contributions to ASMA vortex evolution. Results demonstrate470

that mean zonal and meridional advection are the predominant drivers of vortex propagation, while total diabatic heating

(encompassing latent heating and background radiation) exerts a critical modulating effect on vortex intensity. This diagnostic

framework effectively captures a characteristic tripole PV tendency pattern consisting of an advective dipole north of the vortex

center and a predominantly diabatic monopole centered slightly south of the vortex center. Our approach takes steps to decouple

ASMA intensification from zonal propagation, addressing a noted limitation of conventional PV analysis approaches. Specif-475

ically, latent heating enhances the BH mode via negative PV tendencies, whereas background radiation imposes weakening

effects on the ASMA as a whole, highlighting the mode-specific regulatory role of thermodynamic processes. The balance of

these processes differs substantially across both the three identified vortex modes and the three evaluated reanalysis products.

Eddy shedding is an important driver of ASMA intraseasonal variability with intrinsic links to the trimodal structure of the

ASMA. Popovic and Plumb (2001) first identified westward eddy shedding of ASMA, attributing it to baroclinic instability,480

while Siu and Bowman (2020) linked eastward shedding to BH formation without quantifying underlying mechanisms. Recent

observational and modeling studies have reaffirmed the importance of eddy shedding dynamics for the evolution of UTLS

composition (e.g. Pan et al., 2022; Bak et al., 2025). Our PV tendency analysis could help to clarify these processes, including

key differences between the dynamics of westward-shedding eddies and eastward-shedding eddies. Such an analysis will

require a robust, objective approach to identifying eddy shedding events, which will be a central goal of follow-up work,485

as well as consideration of additional contributions to PV evolution, such as parameterized momentum tendencies and data

assimilation.

Collectively, our findings establish a unified theoretical framework for understanding ASMA variability, underscoring the

intricate interplay between dynamical advection, thermodynamic forcing, and modal structure. This work advances the scien-

tific understanding of UTLS circulation dynamics while also providing a robust physical basis for improving the predictability490

of monsoon-related regional climate variability and UTLS tracer transport.
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