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Abstract.

Locating the boundary of the Asian summer monsoon anticyclone (ASMA) in the upper troposphere-lower stratosphere

(UTLS) (350 K-410 K potential temperature) is important to analyze the transport of pollutants by the ASMA into the strato-

sphere. The definition of the ASMA boundary highly impacts the information about the anticyclone’s behavior and affects con-

clusions on its spatio-temporal variability in particular regarding trends. Here, we quantify the differences between methodolo-5

gies based on potential vorticity (PV) and the Montgomery streamfunction (MSF) used to determine the location of the ASMA

boundary for July and August 2023 at 380 K. In addition, we apply the unsupervised machine learning spectral clustering

method which combines both PV and MSF fields to derive the location of the boundary. We find that the MSF-based method

tends to incorporate the eastward-shed eddy over the Pacific around 140◦ E into the main anticyclone and is also an optimal tool

for analyzing the multidecadal evolution of the ASMA, particularly on sub-daily time scales. The PV-based methodology is10

better suited when temporal averaging is acceptable, as it facilitates a cleaner separation of the main ASMA body from the shed

eddies. Spectral clustering, however, can exhibit either behavior during the season. Finally, we compare the derived bound-

aries with satellite measurements of carbon monoxide, showing that the PV-based and MSF-based methodologies successfully

enclose the core of elevated carbon monoxide levels as effectively as the spectral clustering method.

1 Introduction15

The Asian summer monsoon anticyclone (ASMA) is the dominant upper troposphere-lower stratosphere (UTLS) meteorolog-

ical circulation pattern in the Northern Hemisphere during boreal summer (e.g., Mason and Anderson 1963; Randel and Park

2006; Park et al. 2007; Manney et al. 2021). The anticyclone zonally varies in the East-West direction covering the area from

East Africa to the western Pacific (Zarrin et al. 2010). The strong convection of the ASMA occurs over South and East Asia

(Randel and Park 2006; Park et al. 2008). The Asian monsoon system also influences the climate of the region thus impacting20

the livelihood of densely populated areas like India and Southeast Asia (Bowden et al. 2023; Maiti et al. 2024; Sinha et al.

2026).

Trace gas measurements can be used to study circulation patterns in the atmosphere. Near the surface anthropogenic pollu-

tants are being uplifted by strong upward convection in the ASMA region and trace gases such as carbon monoxide (CO) with
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lifetimes in the range of the time scale of upward transport into the stratosphere (weeks to months) can be used to investigate25

the transport barrier at the edge of the ASMA. Microwave Limb Sounder (MLS) satellite measurements and in-situ measure-

ments that provide CO molar mixing ratios at different pressure levels can be employed to study the influence of the Asian

summer monsoon anticyclone on the UTLS chemical composition (Park et al. 2009; Vogel et al. 2015; Santee et al. 2017; von

Hobe et al. 2021).

Determining the boundary of the ASMA is important, as tropospheric trace gases are confined to a certain extent within30

the anticyclone (e.g., Vogel et al. 2019; Legras and Bucci 2020; Clemens et al. 2024; Becker et al. 2025); this mechanism is

noticeable both in observations and model simulations. There is some export of the ASMA air quasi-horizontally, to the east

and west (e.g., Hsu and Plumb 2001; Popovic and Plumb 2001; Vogel et al. 2014; Fadnavis et al. 2018; Clemens et al. 2022;

Riese et al. 2025; Vogel et al. 2026).

Despite the anticyclone being confined between strong easterlies and westerlies (Zarrin et al. 2010), it is a challenge to35

determine the location of a closed contour of the ASMA boundary on a range of potential temperature levels in the UTLS

(Manney et al. 2021). The strong temporal variability of the ASMA makes it difficult to define the boundary on sub-daily time

scales (Legras and Bucci 2020). The ASMA boundary is often diffuse making the gradients in potential vorticity (PV) at the

edge very fragmented on a specific isentropic surface (Ploeger et al. 2015; Clemens et al. 2022). Small-scale eddies or ASMA

bimodal or trimodal states, when the anticyclone splits into multiple contours, require a methodology taking into account the40

different states of the ASMA (Zhang et al. 2002, Siu and Bowman 2020, Kachula et al. 2025). The equatorward side of the

anticyclone is considered “leaky” due to deep convection over South Asia and its effect on the anticyclone circulation (Randel

and Park 2006), which allows cross-barrier transport (Ploeger et al. 2015). All these challenges make a universally applicable

method for locating the boundary of the ASMA difficult to develop.

During last decades a comprehensive set of methodologies was developed to define the edge of the ASMA (Garny and45

Randel 2013; Ploeger et al. 2015; Legras and Bucci 2020; Manney et al. 2021; Musaid et al. 2024; Kachula et al. 2025),

its center and other spatio-temporal characteristics. The methodologies are based on geopotential height (GPH) (Zhang et al.

2002; Zarrin et al. 2010; Nützel et al. 2016; Musaid et al. 2024), potential vorticity (Garny and Randel 2013; Ploeger et al.

2015; Clemens et al. 2022), the Montgomery streamfunction (MSF) on isentropic surfaces (Popovic and Plumb 2001, Santee

et al. 2017, Manney et al. 2021, Kachula et al. 2025), Lagrangian trajectories (Legras and Bucci 2020), zonal and meridional50

wind components (Zhang et al. 2002; Musaid et al. 2024), and combinations of the above and additional physical quantities,

e.g., zonal wind and relative vorticity (Siu and Bowman 2020).

Zhang et al. (2002) define a line between the easterlies and westerlies located at the minimum of the absolute zonal wind

on isobaric surface as the ridge line. Then the center of the ASMA is determined as the position along the ridge line where the

geopotential height is maximum. This definition is also used by Zarrin et al. (2010) and Nützel et al. (2016).55

Musaid et al. (2024) determine the edge of the ASMA by calculating the climatological mean GPH value (for July and August

2005-2023) and selecting the first outer closed contour inside a predefined region (20◦ S – 70◦ N, 30◦ W – 160◦ E). Musaid

et al. (2024) acknowledge that fixing a single GPH value might not be useful on shorter time scales (e.g., daily), therefore they
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propose to select different GPH contour values based on the location of the wind speed maximum of the westerlies over the

subtropics and easterlies over the tropics on an isobaric surface.60

Garny and Randel (2013) demonstrate that trace gas confinement withing the ASMA core correlates well with PV contours,

though they found it challenging to dynamically locate a precise transport barrier. Ploeger et al. (2015) defined the ASMA

boundary by calculating a smoothed PV on a specific isentropic surface (e.g., 380 K) and locating the maximum PV gradient

as a function of monsoon-centered equivalent latitude. Because the ASMA is bounded to the north by the subtropical westerly

jet, this methodology carefully distinguishes between the maximum PV gradient marking the anticyclone boundary and strong65

PV gradients associated with the jet core.

Santee et al. (2017) choose a specific ASMA region (15◦ N – 45◦ N, 45◦ E – 90◦ E) where the MSF and wind speed values

are used in a linear fit for selected isentropes in June. The MSF values for the ASMA boundary are then derived from the linear

fit at wind speeds of 10 m s−1 at 370 K and 390 K and 5 m s−1 at 350 K and 410 K. Then the climatological MSF contour

for each isentrope is calculated by averaging the 10 years of the MSF values from the linear fit. The same climatological MSF70

contour values are used by Manney et al. (2021).

Kachula et al. (2025) use the absolute vortex moment definition (Matthewman et al. 2009) and introduce an optimization

technique to derive the MSF contour value at the edge of the ASMA (i.e., at the location of the transport barrier) for a specific

point in time on isentropic surfaces. The advantage of this method is that it can be applied at any time scale, allowing the

selection of individual days (hours), as well as mean values over one monsoon season and even over many years or decades.75

Many of the methodologies rely on finding maximum/minimum or some unique characteristic of a physical quantity which

can be distinguished from the surrounding of the ASMA. This provides an opportunity to apply unsupervised machine learning

techniques like clustering to be able to split the values of MSF, PV or GPH on different groups with the expectation of

determining the edge of the ASMA (von Luxburg 2007). The spectral clustering method is useful for grouping non-convex

data structures by targeting the graph partition problem. It starts by constructing the similarity matrix (the radial basis function80

(RBF) or Gaussian kernel) and performing eigenvalue decomposition on the resulting Laplacian matrix. The method then

identifies a lower-dimensional embedding that approximates the best graph cut where clusters become linearly separable.

Thus, spectral clustering can combine different physical quantities that were previously used separately to define the ASMA

boundary.

Here, we quantify the difference between a variety of methodologies used to calculate the boundary of the Asian summer85

monsoon anticyclone and to define its center (or multiple centers). Some of the methods require climatological data to derive

the ASMA contour, while for some it is possible to work on sub-daily time scales. We compare only methods that allow the

calculation of the ASMA boundary using meteorological data; here, we use ERA5 reanalysis (Hersbach et al. 2020) provided by

the European Centre for Medium-Range Weather Forecasts (ECMWF) for the year 2023. Methodologies that require additional

calculations (e.g., for Lagrangian trajectories) are not considered here.90
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2 Data description and selected methodologies

To compare different methodologies we employ the ERA5 reanalysis that has about 31 km (0.3◦×0.3◦) horizontal resolution;

here we use high horizontal resolution ERA5 data 1◦×1◦ at noon (12:00 UTC) as a source of geopotential, PV, temperature,

zonal and meridional wind components. The Montgomery streamfunction (for its definition see below) is then calculated

using temperatures and geopotential on a specific isentropic surface from the ERA5 dataset. We select July and August 202395

at 380 K in this work and provide daily and seasonal mean results. We utilize a 1◦× 1◦ horizontal resolution because the

spectral clustering algorithm is memory-intensive and computationally demanding. Comparison tests using higher horizontal

resolutions (e.g., 0.3◦×0.3◦) provided consistent results, justifying this choice.

We compare the Asian summer monsoon anticyclone’s edge location, centroid position and area based on three distinct

methodologies. These include the PV-based approach (Ploeger et al. 2015), hereafter termed the PV-gradient method; the100

MSF-based approach (Kachula et al. 2025), hereafter termed the MSF-background method; and the unsupervised machine

learning spectral clustering method, hereafter termed the SC method, which combines both the PV and MSF fields on an

isentropic surface.

The vertical component of Ertel’s PV is defined in an isentropic coordinate system as follows:

PV =−g
d p
dθ

(ζ +2Ωsinφ), (1)105

where p is pressure, φ is latitude, g is acceleration due to gravity, ζ is the relative vorticity and Ω is the rotation frequency of the

Earth. Ploeger et al. (2015) calculate the edge of the ASMA at the location of the maximum of the PV gradient with respect to

a monsoon-centered equivalent latitude using a time-averaged PV field over variable number of days ( Algorithm A1). Ploeger

et al. (2015) utilize a variable-day running mean to smooth the PV field. In this work, we apply a time window of ±1 day for

the majority of time-points in July and August 2023. For 14 of the 62 days, a ±2 or ±3 day window is applied. Additionally,110

for six days in August 2023 (9-13 and 16 August), the PV-barrier could not be identified, and these time points are excluded

from the analysis. Employing a fixed time window for the majority of the days ensures an objective treatment of the season,

simplifying calculations while providing a close approximation of the original approach.

The Montgomery streamfunction describes the geostrophic flow on isentropic surface and is defined as:

MSF = cpT +gz, (2)115

where, cp is the specific heat capacity at constant pressure, T is temperature on the isentropic surface, g is gravitational

acceleration and z is geopotential height on an isentropic surface. Thus, MSF combines potential energy and thermal energy

of the air. The methodology of Kachula et al. (2025) defines an ASMA box that divides the horizontal grid into two regions:

grid points inside and outside the box. Next, a non-negative real number, termed the background value, is subtracted from MSF

values at the specific time point and isentropic surface. The resulting values are clipped to zero (ensuring that no negative values120

remain) and denoted as the residual Montgomery streamfunction. Kachula et al. (2025) state that the optimized background

value, which also serves as the contour value defining the ASMA boundary, can be calculated by maximizing the ratio of the

residual Montgomery streamfunction values inside the ASMA box to those outside the box (Algorithm A2).
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There is no ground truth which allows the edge of the Asian summer monsoon anticyclone for a specific point in time to be

determined. This leads to a diverse set of methodologies to work around this issue. In addition to the existing methodologies125

(e.g., Ploeger et al. 2015; Kachula et al. 2025), we further provide the spectral clustering method, a technique that takes into

account MSF and PV fields (we use here the time-averaged PV field same as for Ploeger et al. (2015) methodology) together

and clusters each grid cell based on their similarity (Algorithm B1). The geopotential is not included as an additional feature

in the spectral clustering method because it is already accounted for in the calculation of the MSF field (see Eq. 2).

We calculate the ASMA centroid position by utilizing its boundary which can be represented as a polygon with vertices130

at certain grid points. The polygon’s vertices have longitudinal and latitudinal coordinates which can be averaged to retrieve

the polygon center. This method does not take into account the values that are located inside of the boundary, so if they are

unevenly distributed our centroid position can diverge from the center of mass but still can be used as a metric to analyze the

position of the ASMA contour when applied to all methodologies.

As we mentioned earlier the ASMA can be in so called bi- or trimodal states. There are multiple definitions for these states.135

For example, Nützel et al. (2016) calculates the centroid position for multiple years and then look at its distribution – if the

values are grouped around two or more positions they considered as bimodal state of the anticyclone. Siu and Bowman (2020)

and Kachula et al. (2025) instead look at simultaneous contours (centers) of the ASMA. To simplify our analysis, this work

considers only a single anticyclone center. Even if the boundary value of PV or MSF highlights multiple contours, smaller

structures are removed during postprocessing. Additionally, for 1-4 July 2023, a specific filter was applied to isolate the main140

contour from the surrounding environment. Considering only a single ASMA center might slightly bias the position of the

ASMA but as shown in Kachula et al. (2025) the number of days where the anticyclone has multiple centers simultaneously

has decreased in the 2020s compared to the 1980s.

To conduct the boundary comparison we utilize the Jaccard index which provides a simple metric to judge the overlapping of

polygons and hence their similarity. The index takes values between [0,1], where the low values show weak similarity between145

polygons and high values show strong similarity (e.g., 1 is for identical polygons.) The Jaccard index is defined as follows:

J(A,B) =
|A∩B|
|A∪B| , (3)

where A and B are two polygons that represent the ASMA boundaries for different methodologies, and |X | denotes the number

of grid points inside of a polygon X .

3 Results from different methodologies150

In this work we provide a quantitative comparison between different methodologies that define the edge of the ASMA. First,

we describe several scenarios of how the boundaries are positioned on a horizontal grid. Then we provide the analysis based on

two months: July and August (the core season of the Asian summer monsoon) of 2023. The time-series will give an insight on

the spatio-temporal evolution of the boundary’s center along latitudinal and longitudinal directions. Also, we investigate how

boundaries that define the edge of the ASMA according to the PV-gradient, MSF-background and SC methods, as described in155

Section 2, overlap pairwise during the same season and what area they cover.
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Figure 1 shows horizontal plots with ASMA boundaries as defined by different methodologies, illustrating several scenarios

of boundary shapes.
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(a) ASMA boundaries on 01 July 2023 12:00 UTC at 380 K
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(b) ASMA boundaries on 18 August 2023 12:00 UTC at 380 K
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(c) ASMA boundaries on 21 August 2023 12:00 UTC at 380 K
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Figure 1. ASMA boundaries calculated by using the PV-gradient (dash-dot blue line), MSF-background (solid red line) and SC (dashed

green line) methods on (a) 01 July 2023, (b) 18 August 2023 and (c) 21 August 2023 at 380 K potential temperature, where the color map

represents the potential vorticity (PV) field and white arrows represent the wind velocity.

In Figure 1a, the boundaries on 1 July 2023 (12:00 UTC) are positioned in the same region and show good agreement

with each other, especially at their northern and southern edges. The MSF-background and SC methods provide a contour160

that stretches slightly further east and south-east compared to the PV-gradient method. Figure 1b shows that the eastward-shed

eddy above the Pacific between 120◦ E and 150◦ E is treated differently by the various methodologies. The main challenge is to

determine whether this vortex is still part of the ASMA anticyclone, or if it has already split and should be treated as a separate

atmospheric circulation. On 18 August 2023 at 380 K, the MSF-background and SC methods still include the vortex as a part

of the anticyclone, but the PV-gradient method excludes it from the main boundary. In Supplement 1, it is shown that the SC165

methods can also sometimes provide a separate contour for the vortex, while the MSF-background method tend to incorporate

it to the main contour. Because this impacts the calculation of the centroid position, in this work we only take into account the

main part of the anticyclone and filter out small vortices (also called eddies). Figure 1c shows a case where the PV-gradient and

MSF-background methods capture a smaller atmospheric circulation compared to the SC method, which encloses a larger area
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in the east-west direction. There is also a difference in the location of the southern edge: the PV-gradient and the SC methods170

show good agreement with each other, while the southern edge for the MSF-background method is shifted slightly northward.

Overall, Figures 1b and c highlight the outlier cases; however, for the majority of days during July and August 2023 all three

methodologies agree on the position of the ASMA as shown in Figures 2 and 3. Analysis of the horizontal maps (Figure 1 and

Supplement 1) demonstrates that the PV-gradient and MSF-background methods, alongside the SC method (which accounts

for both MSF and PV fields), agree well when defining both the northern and southern edges of the ASMA in most cases, with175

only minor disagreements regarding the placement of the eastern and western boundaries.

Figure 2 shows the time-series of the ASMA centroid latitude position for July and August 2023 at 380 K according to the

PV-gradient, MSF-background, and SC methods.
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Figure 2. The centroid latitude (in ◦ N) time-series of the ASMA position for the PV-gradient (dash-dot blue line), MSF-background (solid

red line) and SC (dashed green line) methods during July and August 2023 at 380 K potential temperature.

The MSF-background and SC methods are both based on the MSF field (the SC method also incorporates the PV field)

and show little difference during July and August 2023, except for the first week of August, when the difference in centroid180

latitude is approximately 1◦. Both methods differ slightly from the results of the PV-gradient method, in which the ASMA

centroid is shifted equatorward during the second week of July. It then shifts slightly northward between 26 July and 8 August,

before returning to a position closer to the equator than in the MSF-background and SC methods by roughly 3◦. Overall, the

differences in the centroid latitude of the ASMA boundaries remain minor throughout the entire season.

Figure 3 shows the time-series of the ASMA centroid longitude position for July and August 2023 at 380 K for the PV-185

gradient method (Ploeger et al. 2015), the MSF-background method (Kachula et al. 2025) and the SC method (PV- and MSF-

based). Consistent with the centroid latitude, all methods agree on the centroid longitude position toward the end of the season,

except for a week between 8 and 15 August when the PV-gradient method could not determine the ASMA boundary. The

PV-gradient method produces several outliers in the ASMA centroid longitude due to the inherent noise in the PV field.

Figures 2 and 3 show time-series of the ASMA centroid latitude and longitude position respectively for the PV-gradient,190

MSF-background, and SC methods. In addition, Figure 4 illustrates the distribution of the centroid position across the three

methodologies. The centroid latitude (Fig. 4, left panel) is distributed between 26◦ N and 35◦ N with all three methods iden-
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Figure 3. The centroid longitude (in ◦ E) time-series of the ASMA position for the PV-gradient (dash-dot blue line), MSF-background (solid

red line) and SC (dashed green line) methods during July and August 2023 at 380 K potential temperature.

tifying 30◦ N and 33◦ N as the positions of the highest frequency during July and August 2023. Figure 4 (right panel) shows

the distribution of the centroid longitude, where all three methods identify the location around 70◦ E as the dominant position

of the ASMA. The statistical definition of the ASMA bimodality – where the ASMA centroid longitude resides in multiple195

highly pronounced locations during multi-decadal analysis (e.g., Nützel et al. 2016) – also emerge in Fig. 4 (right panel). An

additional peak appears near 55◦ E during July and August 2023; however, this occurs rarely due to the single-year scope of our

analysis. Finally, frequencies around 90◦ E correspond to the eastward-shed eddy over the Pacific that impacts the calculation

of the centroid.

26 28 30 32 34
Latitude, N

0

10

20

30

40

50

Fr
eq

ue
nc

y

50 70 90
Longitude, E

SC method MSF-background method PV-gradient method

Figure 4. Distribution of the ASMA centroid latitude (left) and longitude (right) positions for the PV-gradient (blue bars with crosses), MSF-

background (red bars with dots) and SC (green bars with diagonal lines) methods during July and August at 380 K potential temperature.

In summary, all three methodologies discussed here reliably determine the seasonal ASMA centroid position. Table 1 lists200

the mean July and August 2023 centroid coordinates for each method. The PV-gradient and SC methods (PV- and MSF-

based) exhibit the greatest agreement, with a longitudinal discrepancy of at most 0.5◦ and almost identical in latitudes. The
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Methodology Latitude [◦ N] Longitude [◦ E]

PV-gradient method 30.8 ± 2.3 71.0 ± 12.7

MSF-background method 31.1 ± 1.7 73.2 ± 10.8

SC method 31.0 ± 1.9 71.5 ± 10.7
Table 1. Mean July and August 2023 centroid position for different methodologies at 380 K potential temperature.

centroid position according to the MSF-background method is shifted slightly eastward by approximately 2.2◦ compared to

the PV-gradient method, 1.7◦ compared to the SC method, though its latitude remains almost unchanged (differing by just

∼ 0.1◦−0.3◦). Notably, the MSF-background method features the lowest standard deviation along the latitudinal axis, and the205

SC features the lowest along the longitudinal axis.

Figure 5 presents a time-series of the ASMA area (in fraction of the hemisphere) for July and August 2023, derived by

projecting the boundary onto the Earth’s surface. The SC method shows smaller day-to-day variations in area compared to the

PV-gradient and MSF-background methods. The last two methods highlight a decrease in the ASMA area toward the end of

July: the PV-gradient method provides a value around 3 % and the MSF-background method approaches 5 %. In contrast to the210

centroid position, the ASMA area exhibits greater variation among the methods. However, this divergence is less pronounced

in the beginning of July 2023 (especially for the MSF-background and the SC methods) than in period between 12 and 24

August 2023, when the primary disagreement arises from the differing treatments of the eastward-shed eddy over the Pacific.
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Figure 5. The ASMA area (in fraction of the hemisphere) time-series for the PV-gradient (dash-dot blue line), MSF-background (solid red

line) and SC (dashed green line) methods during July and August 2023 at 380 K potential temperature.

To quantify the spatial agreement among the deduced ASMA boundaries, we employ the Jaccard index. Figure 6 presents

the degree of overlap between the polygons representing the anticyclone boundaries (where a value of 1 indicates identical215

boundaries and 0 indicates no overlap). From the beginning of July 2023 until around 22 July 2023, the PV-gradient, MSF-

background and SC methods show good agreement, with Jaccard indices rarely dropping below 0.65. Between 22 July and

15 August, however, overall agreement worsens because of the discrepancies between PV-gradient and MSF-background ap-
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proaches. During this period, the MSF-background and SC methods still maintain a moderate-to-high Jaccard index (0.55 to

0.9). From 22 August onward, all index values rebound because all three methodologies exclude the eastward-shed eddy over220

the Pacific from the main contour.
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Figure 6. Time series for July and August 2023 of the Jaccard index, calculated pairwise for two methods to quantify the differences between

ASMA boundaries derived from different methodologies at 380 K potential temperature.

Figure 7 presents a statistical summary of all Jaccard indices, demonstrating that for the majority of cases during July and

August 2023 at 380 K the index is above 0.6 (especially for the MSF background-SC methods), with a mean of approximately

0.7.
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Figure 7. Distribution of the Jaccard indices, calculated pairwise for two methods to quantify the differences between ASMA boundaries

derived from different methodologies at 380 K.
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4 Comparison with satellite measurements225

To evaluate how well the ASMA boundary and position determined by the different methodologies agree with satellite measure-

ments, we use carbon monoxide (CO) observations from the Microwave Limb Sounder (MLS). Unlike nadir-viewing satellite

sensors (that provide total column of a chemical tracer), the MLS has a vertical resolution that allows the molar mixing ratios of

carbon monoxide within the UTLS to be deduced. The vertical resolution of MLS v5.0 CO is within 4.9–5.1 km, the horizontal

resolution ranges from 400 to 570 km, and the single-profile precision is 9–16 ppbv over the 147–31 hPa pressure range (e.g.,230

Livesey et al. 2022). The MLS CO molar mixing ratios are reported on a pressure grid but our analysis is conducted at 380 K

potential temperature. Because of this we had first to select and average the air parcels in the range between 380 K ± 5 K and

then interpolate the two month measurements (July and August 2023) on a horizontal regular grid. Due to the MLS coverage

one can not compare single days, therefore we compare mean values for July and August 2023.

0° 30°E 60°E 90°E 120°E 150°E

20°N

30°N

40°N

50°N
PV-gradient method
MSF-background method
SC method

24 33 42 51 60 69 78
Carbon Monoxide [ppbv]

Figure 8. Horizontal map of July and August 2023 average MLS carbon monoxide molar mixing ratio (in ppbv) with ASMA boundaries for

the PV-gradient (dashed blue line) and MSF-background (solid red line) and SC (dashdot green line) methods at 380 K ± 5 K.

In general, the ASMA boundary and position according to the PV-gradient, MSF-background and SC methods show a good235

overall agreement to the MLS CO distribution at 380 K ± 5 K (Fig. 8). Figure 8 shows that for average July and August 2023

the MSF-background method covers the greatest area, following by the SC method. The three methodologies approximate

the western tail of the ASMA better than the eastern, where the MSF-background method has the greatest difference. The

PV-gradient method provides the boundary that lays within the above two and covers a smaller core of the ASMA. The three

methodologies show a similar behavior at the northern side of the positive CO anomaly in the monsoon core including the240

values that are higher than ∼ 70 ppbv.
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5 Discussion and Conclusions

The assessment of the spatio-temporal evolution of the Asian summer monsoon anticyclone (ASMA) depends on the method-

ology that is used to determine its boundary. To reliably determine the anticyclone’s edge, physical quantities such as potential

vorticity and the Montgomery streamfunction are calculated from meteorological reanalyses; also satellite measurements of245

trace species can be used. In this work we provide a quantitative comparison of methodologies based on the work of Ploeger

et al. (2015) (the PV-gradient method) and Kachula et al. (2025) (the MSF-background method) using the ERA5 reanalysis. In

addition we provide a methodology based on the unsupervised machine learning spectral clustering (the SC method) analysis

using the PV and MSF fields to define the anticyclone’s boundary. We show daily time-series of the ASMA centroid latitude

and longitude position, the ASMA area, the mean values of the centroid over July and August 2023 and time-series of the Jac-250

card index to highlight the degree of boundaries overlapping. Also, we compare the two month average horizontal distribution

of carbon monoxide measured by MLS with boundaries of the above mentioned methodologies. The main findings are:

– The PV-gradient, MSF-background, and SC methods provide a similar centroid latitudinal and longitudinal position of

the ASMA throughout July and August 2023 on 380 K.

– All three methodologies show good agreement in ASMA area, while the SC method shows smaller day-to-day variation255

compared to the PV-gradient and MSF-background methods.

– There is a difference how the methodologies highlight the eastward-shed eddy over the Pacific (an example of such an

eddy was investigated during August 2023). While the MSF-background method assigns it to the main anticyclone, the

PV-gradient method excludes it from the main contour. The SC method can exhibit either behavior throughout July and

August 2023.260

– The Jaccard index for all three methodologies rarely drops below 0.5, while in July 2023 it usually stays above 0.7.

The MSF-background and SC methods provide the highest degree of boundary overlap during July and August 2023,

especially in July, while the Jaccard indices for the PV-gradient method show several outliers.

In this work, the methodologies of Ploeger et al. (2015) and Kachula et al. (2025) for locating the ASMA boundary are used,

both of which operate specifically on isentropic surfaces. While methodologies designed for isobaric surfaces also exist (e.g.,265

Zhang et al. 2002; Musaid et al. 2024), comparing the ASMA boundary retrieved from isobaric and isentropic surfaces is not

useful and leads to biased results. Isentropic surfaces are not parallel to isobaric surfaces. Figure 9 shows a longitude-theta

cross-section where the white lines correspond to the pressure levels. The 380 K potential temperature surface used in this

study crosses several pressure levels; consequently, methodologies that encircle the anticyclone on a constant pressure level

will capture the ASMA boundary across different potential temperature ranges, leading to a distorted comparison.270

There is also a distinct difference in the spatial distribution of GPH between isobaric and isentropic surfaces: the former

provides generally smooth GPH fields, while the latter contains small, localized maxima of high values. These are considered

noise and complicate the retrieval of a continuous, closed contour on sub-daily time-scales.
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Figure 9. Longitude-theta cross sections at 30◦ N on 1 July 2023 of the geopotential (colormap) and pressure levels in hPa (solid white lines)

from the ERA5 reanalysis dataset. Dashed red line is 380 K potential temperature.

Although applying the spectral clustering method to the ASMA meteorological data can be computationally intensive, it

provides valuable insights into the coupled distribution of the PV and MSF fields. The PV-gradient method can be used to275

clearly separate the anticyclone from smaller-scale eddies shed. The MSF-background method provides a good approximation

of the ASMA boundary and shows a good overall agreement with the PV-gradient and SC methods but in contrast to the PV-

gradient method can work on sub-daily time scales and larger range of potential temperatures. This work shows that depending

on the initial conditions and the target of the study, each methodology has its own advantage: the MSF-background method is

useful for multidecadal analysis of the ASMA, PV-gradient method can focus on the anticyclone’s core when smoothed PV-280

fields are available and SC method is a valuable tool for highlighting the ASMA barrier location from the underlying clustering

patterns at a specific point in time.
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Data availability. The ERA5 data used here are available from the ECMWF (https://www.copernicus.eu/en).

Author contributions. The study was conceived by OK, BV, GG, RM, and FP. OK and FP designed the methods and conducted calculations285

for this study. BV directed the structure of the paper, analysed the calculated results, and supported the study. GG and RM provided advice

and guidance for the analysis of the methods comparison. The results were discussed by all the co-authors. The paper was written by OK

with contributions from all the co-authors.

13

https://doi.org/10.5194/egusphere-2026-3509
Preprint. Discussion started: 27 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Competing interests. At least one of the (co-)authors is a member of the editorial board of Atmospheric Chemistry and Physics. Otherwise

there are no competing interests.290

Acknowledgements. We thank the European Centre for Medium-Range Weather Forecasts (ECMWF) for providing the ERA5 reanalyses

and the Jülich Supercomputing Centre (JSC; Research Centre Jülich, Germany) for the storage resources on the MeteoCloud data archive.

The presented work were mainly funded by the German Science Foundation (Deutsche Forschungsgemeinschaft, DFG) as part of the HALO

Priority Program SPP 1294 (project VO 1276/7-1) and of the TRR 301 (project ID 428312742). We would like to sincerely thank Susann

Tegtmeier (University of Saskatchewan) for helpful discussions.295

Appendix A: Algorithms of the PV-gradient and MSF-background methods

Algorithm A1 PV-gradient method: the definition of the ASMA edge based on Ploeger et al. (2015)

Require: Time-averaged potential vorticity grid PV , latitudes φ , longitudes λ , peak prominence p, edge buffer b

1: Compute grid cell area matrix: Ai, j← R2
Earth cos(φi) ·∆φ ·∆λ

2: Flatten PV and A into 1D vectors pv and a

3: Define new PV axis P←{−2.0,−1.8, . . . ,10.0}
4: for each ti ∈ P do

5: Compute cumulative area: Acum[i]← ∑{m|pvm≤ti} am

6: end for

7: Compute eq.-lat.: Φ = arcsin
(
1−Acum/(2πR2

Earth)
)
×180/π

8: Calculate the gradient G← dP
dΦ and smooth it.

9: Define search domain: Ω←{i |Φ[i]≤ 80◦∧ (2.0≤ P[i]≤ 5.0)}
10: idx← argmax(−G[Ω], p,b)

11: return NaN if idx is NaN else P[Ω][idx]

Appendix B: The spectral clustering method

Clustering is a data analysis approach used to assign a label to each object from a set, where objects within the same cluster

exhibit high similarity and objects in different clusters exhibit low similarity. The definition of similarity is task-dependent and

is determined by the user.300

There is a diverse family of clustering algorithms. Some are designed for data with “flat” geometry (e.g., K-Means), while

others are suited for non-linear or “non-flat” geometry (e.g., Spectral Clustering, DBSCAN). Here, “flat” and “non-flat” ge-

ometries refer to whether the data are linearly separable. In this work, while the ASMA roughly resembles an ellipsoid shape

in the PV and MSF fields, its confinement by the subtropical jet to the north and the tropical jet to the south creates a complex,
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Algorithm A2 MSF-background: the definition of the ASMA edge based on Kachula et al. (2025)

Require: M ∈ Rn×m (MSF grid)

Require: β := (15◦ N−45◦ N,45◦ E−90◦ E)

1: for each b ∈ Range[min(M),max(M)] do

2: R←M−b

3: if R[i, j]< 0 then

4: R[i, j] = 0

5: end if

6: Min← sum(R ∈ β )

7: Mout← sum(R ̸∈ β )

8: f (b)← Min
(Mout+1)

9: end for

10: return Edge← argmin(− f )

non-linear manifold, presenting a case of “non-flat” geometry. For this specific application, the spectral clustering method305

proved more effective at encircling the ASMA than either DBSCAN or HDBSCAN.

Algorithm B1 illustrates a simplified variant of the spectral clustering method. We utilize the implementation provided by the

free and open-source Python library scikit-learn (sklearn.cluster.SpectralClustering; Pedregosa et al. 2011).

There are two important parameters that can be adjusted: number of clusters (NC) and the gamma parameter (γ).

Algorithm B1 ASMA Edge Detection based on the Spectral Clustering

Require: Normalized grids X = {X1, . . . ,Xq} ∈ Rn×m and the number of clusters k.

1: F ← [vec(X1);vec(X2) . . .vec(Xq); ] ∈ R(nm)×q

2: Ai j← exp(−∥Fi−Fj∥2/2σ2)

3: Lsym← Compute normalized Laplacian from A

4: V ← [v1,v2, . . . ,vk] ∈ R(nm)×k {First k eigenvectors of Lsym}

5: return Cluster labels C← K-means(V,k)

The number of clusters determines into how many distinct groups the dataset will be partitioned. Figure B1 shows how the310

ASMA boundary on 23 August 2023 12:00 UTC at 380 K changes depending on the number of clusters (ranging from 2 to 7).

When NC = 2, the resulting clusters fail to capture the southwestern part of the boundary on this specific day; only the northern

side, where the strong subtropical jet is located, can be detected. For NC = 3, the resulting clusters exhibit a finer structure for

this day but still show noise on the eastern part and in general can fail to form a closed contour. For NC = 4 the main body

of the anticyclone assumes a consistent and closed shape. With a larger number of clusters, the data is over-partitioned into315

unwanted details, highlighting the inner core of the ASMA (e.g., NC = 5, 6 and 7). For July and August 2023 at 380 K, we

chose NC = 4 as a reasonable trade-off between obtaining a closed contour and minimizing the noise.
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Figure B1. ASMA boundary clustered with the spectral clustering method using different number of clusters on 23 August 2023 at 380 K.

The γ parameter is used in the radial basis function (RBF) kernel, also known as the Gaussian kernel: exp(−γ||xi− x j||2).
Here, xi and x j are two-component vectors consisting of unit-normalized PV and MSF values at grid points i and j (the grid

is flattened into a one-dimensional array). The γ parameter controls the width of the Gaussian similarity function, determining320

how rapidly the similarity between two objects decreases with respect to their Euclidean distance (von Luxburg 2007). Fig-

ures B2 and B3 show how the γ parameter impacts the ASMA boundary. We are interested in a continuous and smooth closed

contour that is based on the PV and MSF fields at a specific point in time. The γ parameter can help reduce the noise around

the boundary. As shown in Fig. B2, changing γ from 0.5 to 2.5 results in roughly the same ASMA boundary on 23 August

2023 12:00 UTC at 380 K; however, Fig. B3 illustrates that for some days, like 5 August 2023 at 380 K, a higher value of γ325

helps to find a closed contour and smooth the boundary. The empirical choice of γ = 2.5 for July and August 2023 at 380 K to

derive the ASMA boundary agrees with methodologies of Ploeger et al. (2015) and Kachula et al. (2025).
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Figure B2. ASMA boundary clustered with the spectral clustering method using different values of γ on 23 August 2023 at 380 K.
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Figure B3. ASMA boundary clustered with the spectral clustering method using different values of γ on 5 August 2023 at 380 K.
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