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Abstract. Using the Community Earth System Model (CESM), a series of sensitivity experiments were conducted to
investigate the lifetimes and transport characteristics of different-sized aerosol particles within the Asian tropopause aerosol
layer (ATAL). The results reveal that during the Asian summer monsoon (ASM) period, small particles, represented by
Aitken-mode sea salt (NCI a2, 0.015-0.052 pm in diameter), can reside stably in the upper troposphere—lower stratosphere
(UTLS) region and undergo extensive horizontal transport. The mean lifetime of NCI a2 particles reaches up to 552 days,
while those of fine (0.095—-0.56 um) and coarse (0.63—3.70 pum) sea salt particles have an average lifetime of approximately
28 days and 11 days, respectively. The trapping effect of the ASM circulation on particles released at various heights within
the ATAL (180-80 hPa) can maintain even after 120 days. When aerosol particles are released below the ATAL, the number
of particles entering the UTLS region varies significantly with the release sites, i.e., aerosols released over South Asia (an
effective upward transport pathway) more readily enter the ASM anticyclone and the stratosphere and reside longer in the

UTLS region than particles released at the ASM anticyclone hinterland and the East Asia (EA) site.

1 Introduction

The Asian tropopause aerosol layer (ATAL) is a persistent layer of aerosols located at altitudes of 13-18 km above the
Qinghai-Tibet Plateau and Iranian Plateau during the Asian summer monsoon (ASM) period, spanning from June to
September (Vernier et al., 2011). Since its discovery from observations using the CALIPSO satellite, the existence of the
ATAL has been confirmed by multi-source observations, including satellite observations, aircraft sounding, and ground-
based observations (Thomason and Vernier, 2013; Appel et al., 2022; Mahnke et al., 2021). Previous studies reported that
the aerosol particles within the ATAL originate mainly from anthropogenic emissions in South and East Asia (Yu et al.,

2015; Fairlie et al., 2020; Clemens et al., 2024). These particles are transported upward to the upper troposphere—lower
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stratosphere (UTLS) region through preferred pathways over the Himalayas-Gangetic Plain and the Sichuan Basin (Lau et al.,
2018; Yuan et al., 2019). Furthermore, data from CALIPSO and the StratoClim project have confirmed the critical role of
deep convection over the Tibetan Plateau in the formation of the ATAL (Vernier et al., 2015; Appel et al., 2022). Numerical
modeling studies, including climate models, chemical transport models, and Lagrangian transport models, have further
revealed key transport mechanisms of ATAL aerosols. These studies show that the spiral upward motion along isentropic
surfaces from the upper troposphere to the lower stratosphere within the ASM anticyclone can lift aerosol particles—initially
transported by deep convection to the upper troposphere—further into the ATAL (Yu et al., 2017; Ma et al., 2019; Zhang et
al., 2020). Thus, the formation of the ATAL is closely linked to the ASM circulation, particularly the ASM anticyclone and
deep convective activity.

During the ASM period, the average mass concentration of aerosols inside the ATAL remains relatively stable, indicating a
rough balance between sources and sinks (Yuan et al., 2019). However, previous studies have primarily focused on the
sources of ATAL particles, while their sinks and residence characteristics in the UTLS region are not yet fully quantified.
The vertical and horizontal distribution of aerosol particles inside and outside the ASM region determines whether they can
be transported and dispersed more widely via large-scale circulation (e.g., the Brewer—Dobson circulation). This large scale
transport, in turn, allows the particles to exert broader climate effects (Garny and Randel, 2016). Limited by the scarcity of
sounding observations, systematic investigation of the transport characteristics of aerosols within the ATAL during and after
the monsoon period, as well as their climate effects, remains challenging (Tian et al., 2023). To quantitatively evaluate the
residence time of ATAL aerosols in the UTLS region and the influence of the ASM circulation on their distribution, this
study employs two key metrics: aerosol lifetime and the duration of confinement by the ASM anticyclone.

The aerosol particles within the ATAL affect the local radiation balance through direct and indirect climate effects
(Mohanakumar, 2008; Cziczo et al., 2019; Gao et al., 2023). They also impact on stratospheric ozone distribution via two
key pathways: radiation-dynamics-chemistry feedback (Rosenlof, 2018; Solomon, 2023; Tian et al., 2025) and the
stratosphere-troposphere exchange (Su et al., 2011). These processes together modulate the thermal and dynamical structure
of the UTLS region.

Previous studies have made preliminary estimates of the radiative effects of ATAL. However, most of these studies have
relied on simplified radiative transfer models (Vernier et al., 2015; Gao et al., 2023). It is noteworthy that particle size and
the lifetime of particles in the atmosphere are crucial factors influencing the total radiative effect of aerosols (Murphy et al.,
2021). Therefore, systematically investigating the transport characteristics and atmospheric lifetimes of particles of different
sizes in the UTLS region is essential for accurately assessing the overall climate effects of ATAL.

Accordingly, this study designs a series of idealized experiments using the Community Earth System Model (CESM) to
investigate the differences in transport characteristics and lifetimes of aerosol particles with different sizes in the UTLS
region, as well as the main factors impacting on the lifetimes of ATAL particles. The paper is structured as follows: Sect. 2

introduces the CESM model and the methodology for calculating key quantities such as aerosol lifetime and the duration of
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confinement by the ASM anticyclone; Sect. 3 presents the main results from the series of idealized numerical experiments;

Sect. 4 gives the main conclusion and some remarks.

2 Data, model and methods
2.1 MERRA-2 reanalysis data

MERRA-2 (The Modern-Era Retrospective Analysis for Research and Applications, Version 2) reanalysis dataset is
developed by NASA's Global Modeling and Assimilation Office and represents the latest generation of reanalysis datasets
that incorporate modern satellite observations (Gelaro et al., 2017). This dataset covers a wide range of variables, including
atmospheric radiation, chemistry, physics, and meteorological fields, with global coverage at a horizontal resolution of
1.5°x1.5°. This study uses monthly horizontal wind fields, geopotential height fields, and temperature data in pressure

coordinates for the year 2000.

2.2 Aerosol lifetime

Aerosol lifetime is determined by the efficiency of removal processes—such as dry deposition and wet scavenging (Rasch et
al., 2000; Textor et al., 2006), and served as an indicator of the potential for long-range transport of atmospheric components
(Kaneyasu et al., 2012). This metric is widely used to quantify the residence time of atmospheric components in the entire
atmosphere or specific regions, and a longer lifetime indicates a greater potential for climate effects. Previous studies have
used this metric to estimate lifetimes of pollutants from surface emissions (Croft et al., 2014; Kristiansen et al., 2016),
volcanic aerosols (Beirle et al., 2014; Li and Cohen, 2021), and greenhouse gases (Li et al., 2022).

This study uses the 2-month mean aerosol lifetime (T2 mo) from a two-month time series of aerosol mass concentration,
defined as follows:

thZ mo c(t)
T2mo = % ; (M

where C(?) is the global aerosol mass burden at time t, and D(?) denotes the aerosol mass loss rate during a timestep At,
representing the total mass removed by deposition processes during that interval. In the case of a pulse emission, the mean
aerosol lifetime over a longer time scale approximates the steady-state aerosol lifetime, and its value is primarily controlled
by intense scavenging during the initial days after emission. Thus, a longer mean aerosol lifetime indicates weaker short-

term removal intensity (Croft et al., 2014).

2.3 The CESM-MAM?7 model

Global-scale simulations are conducted using the CESM 1.2.2 developed by the National Center for Atmospheric Research
(NCAR). CESM is a fully coupled global climate model, the atmosphere dynamic module used in this paper is the
Community Atmosphere Model (CAMS.3), coupled with the Modal Aerosol Model (MAM?7) to simulate aerosol and
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chemistry processes. This configuration has been verified in previous studies as capable of accurately simulating ATAL-
related physical and chemical properties (Bossolasco et al., 2021).

The MAM7 module simulates the transport of 31 aerosol tracers and 6 gas species. It numerically represents aerosol internal
and external mixing, nucleation, coagulation, condensation, dry deposition, wet removal, and chemical transformation of
aerosol precursors (Liu et al., 2012). Aerosols in MAM?7 are categorized into seven modes: accumulation mode (al, 0.056—
0.26 um), Aitken mode (a2, 0.015-0.052 pm), primary carbon (a3, 0.039—-0.13 pm), fine sea salt (a4, 0.095-0.56 um), fine
soil dust (a5, 0.14—0.62 pum), coarse sea salt (a6, 0.63-3.70 pm), and coarse soil dust (a7, 0.59-2.75 pm). The specific size
distribution for each mode follows a log-normal assumption (Easter et al., 2004; Liu et al., 2012).

Modal transfer occurs only among the Aitken, primary carbon, and accumulation modes via coagulation and condensation
processes (Easter et al., 2004; Liu et al., 2012). The H>.SOs—NHs—H:O ternary parameterization scheme (Merikanto et al.,
2007) and boundary layer nucleation parameterizations (Sihto et al., 2006; Wang et al., 2009) enable MAM?7 to simulate new
particle formation in the Aitken mode. Through aqueous chemistry and condensation, Aitken mode particles can grow into
the size range typical of the accumulation mode. Coagulation processes within and between the Aitken, accumulation, and
primary carbon modes further facilitate mass transfer from the Aitken and primary carbon modes into the accumulation

mode (Binkowski and Roselle, 2003; Easter et al., 2004).

2.4 Model evaluation and numerical experiments

The control experiment runs from 1 January 1998 to 31 December 2001, with the first year discarded as spin-up. The model's
default initial fields are used to initialize the simulation. The horizontal resolution is 1.9°x2.5°, with 30 vertical layers
(including 11 layers within the 400-70 hPa range), and a model top near 3 hPa. In the control experiment, interactive
coupling exists among the atmospheric (CAMS.3), land (CLM4), and river runoff (RTM) modules, while the sea ice module
(CICE) uses preprocessed data.

The chemical emissions used in the experiments are the model's default emission sources, which integrate data from multiple
inventories, including POET, the Regional Emission inventory in ASia (REAS), the Global Fire Emissions Database
(GFED?2), the Intergovernmental Panel on Climate Change (IPCC), and AeroCom. These encompass natural (e.g., volcanic
and marine), anthropogenic (e.g., transportation, industrial, agricultural, and waste management), and biomass burning
emissions. All surface and external emission sources are fixed at their global year 2000 levels.

To evaluate the model's performance in simulating the ASM circulation, Fig. 1 presents a comparison between the simulated
meteorological fields and MERRA-2 reanalysis data for summer 2000 (corresponding to the emission state) regarding
temperature, geopotential height, and horizontal wind in the UTLS region. The results show that the model well reproduces
the horizontal distribution of geopotential height, the spatial extent of the ASM anticyclone, as well as the vertical
temperature structure. Since the temperature and geopotential height characterize key features of the tropopause and the
ASM anticyclone (Mohanakumar, 2008; Bian et al., 2009), Fig. 1 indicates that the model is able to reliably capture the

ASM circulation characteristics in the UTLS region.
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Figure 1: The latitude-longitude cross-sections of geopotential height and horizontal wind at 150 hPa averaged in 2000 which are
derived from (a) MERRA-2 reanalysis dataset, (b) the model simulation and (c) vertical profile of ATAL-averaged (15-45° N,
0-160° E) temperature, where blue solid line represents MERRA-2 data, orange dashed line presents simulation result, shadows
and horizontal error bars present the standard deviation of the data (units: gpm, K).

To estimate the transport characteristics of different-sized aerosol particles in the ATAL and the stratosphere, sea salt (NCI)
aerosols are used as target species. These particles are chosen as they do not engage in any chemical reactions (treated as
passive tracers), and exert minimal radiative effects. To ensure differentiation among the particle size ranges of the released
particles, specific aerosol modes are selected based on the typical size distributions of MAM?7 aerosol modes. The target
modes include the Aitken mode (a2, 0.015-0.052 pum), which represents smaller particle sizes, fine sea salt (a4, 0.095-0.56
pum), and coarse sea salt (a6, 0.63—3.70 um), representing larger particle sizes. As mentioned in Sect. 2.3, NCI a2 particles
experience continuous growth through liquid-phase chemical processes or coagulation processes after release, until they
reach the size range of al particles. This growth signifies mass transfer process from a2 particles to al particles, which is not
observed in a4 and a6 particles (Binkowski and Roselle, 2003; Easter et al., 2004). Therefore, in the analysis of experimental
results, NCI a2 particles correspond to a mixture of a2 particles and the transformed al particles.

The idealized numerical experiments share the same model configuration as the control experiment. A total mass of 0.5 Tg
of NCI particles (approximately equivalent to the aerosol emissions from a moderate volcanic eruption) is released between
12—-18 UTC on 8§ June 2000 (a date selected based on climatological mean dynamic fields). The experiments differ in the
combinations of particle size (a2, a4, and a6), release location, and release altitude. As shown in Fig. 2, three particle release
areas are chosen in consideration of the high polluted areas, including South Asia (SA, 75-85° E, 20-30° N), East Asia (EA,
110-120° E, 25-35° N), and the climatological mean ASM anticyclone hinterland (65—75° E, 25-35° N) (Fairlie et al., 2020;

5
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Shaddick et al., 2020). The release height is selected by considering the average summer tropopause height of the focused
region and the vertical range of ATAL, which spans from 13 to 18 km above the sea level (Johnston and Xie, 2020; Vernier
etal., 2011): 11-12 km (middle-upper troposphere, below the ATAL), 14—15 km (upper troposphere, within the ATAL), and
16—-17 km (lower stratosphere, within the ATAL). This selection enables a multidimensional assessment of aerosol transport

characteristics at different altitudes.

60°N gi%%\g ,
] T B :
30°NT $
0°
30°S -
60°Sj {C1IASMA (Z1SA (I1EA
180° 120°W 60°W 0° 60°E 120°E 180°

Figure 2: Schematic diagram of the North American (NA) region, ATAL region and particle release area, the solid boxes in dark
red and black represent the NA region and the ATAL region, the dashed boxes in blue, orange and black represent the Asian
Sumeer Monsoon (ASM) anticyclone hinterland release site, the South Aisa (SA) release site and the East Asia (EA) release site,
with the outline of the Tibetan Plateau marked by gray dotted line.

To quantify the impact of the ASM anticyclone on aerosol transport characteristics in the ATAL region, we compare the
North American region (NA, 20—60° N, 20—-150° W) with the ATAL region (20—60° N, 20—-150° E), both located at the
same latitude and having the same horizontal extent (regional boundaries are shown in Fig. 2). Furthermore, based on
temporal variations of the average aerosol mass concentration in the NA and ATAL regions, we define the ASM anticyclone
confinement duration as the number of days during which there is a significant difference in the average aerosol mass
concentration between the ATAL and NA regions at the 99% significance level. The significance test is conducted using a
two-sided Student's t-test. We select the average mass concentration time series of aerosol for a 9-day period, including the t-
th day and 4 days before and after, as the test sequence (referencing the sliding T-test). The confinement duration is defined
as the earliest time t (in days) at which the difference between the two regions first fails the significance test.

To ensure comparability across experiments, the direct radiative effect of NCI aerosols was disabled. A total of 27
independent experiments were conducted, each with a distinct combination of particle size, release location, and release

height.
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3 Model results

Fig. 3 shows the temporal evolution of the averaged mass concentration within the ATAL region (15—45° N, 0-160° E) for
NCI a2 (small-size), a4 (medium-size), and a6 (large-size) particles released at 16—17 km. The results indicate that particle
size governs the residence characteristics within the UTLS region. After release, Aitken-mode NCI a2 particles can reside
stably inside the stratosphere with a very slow removal rate. Even after 115 days (by 30 September), the regional mean mass
concentration remains above 1/20th of its peak value. Medium-sized NCI a4 particles are removed more rapidly, with the
regional mean mass concentration dropping below 1/20th of the peak value approximately 30 days after release. The largest
NCl a6 particles, for which gravitational deposition dominates over buoyancy, exhibit very rapid gravitational sedimentation

and sink completely below the mid-troposphere (400 hPa) within a few days after release.
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Figure 3: Time series of the averaged mass concentration for NCI a2 (top), a4 (middle), and a6 (bottom) particles released at 16—17
km within the ATAL region. The gray dot-dashed line indicates the regional mean tropopause height (units: kg/kg).

To further explore the residence time of particles of different sizes in the stratosphere, Fig. 4 presents the time series of mass
concentration for NCI a2 and a4 particles released at various altitudes and release sites. We can note that the average mass
concentration of the smallest NCI a2 particles in the stratosphere increases rapidly within days after release, followed by a
brief decline and then a slow increase over the subsequent 30 days. This evolution is typical of tracer transport from the
upper troposphere into the stratosphere (Chen et al., 2022; Tian et al., 2023). NCI a2 particles can reside stably within the
stratosphere until the end of the ASM period (May—September); thereafter, their stratospheric mass concentration begins to
decline gradually. NCI a4 particles also exhibit concentration fluctuations within the first ~30 days. However, owing to their

7
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larger mass and continuous dry deposition, they gradually leave the UTLS region, and their average mass concentration

decreases steadily.
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Figure 4: The simulated time series of the average stratospheric mass concentration of (a) NCI1 a2 and (b) a4 particles released at
different locations (red for SA, blue for ASM anticyclone hinterland, gray for EA). Line styles denote release altitude: thick solid
line for 16-17 km, dashed line for 14—15 km, and chain-dotted line for 11-12 km (unit: kg/kg).

By comparing experiments with the same particle size and release location but different release altitudes, we find that the
195 mass of NCI particles able to cross the tropopause into the stratosphere increases with release heights. Further comparison of
experiments in which particles are released at different sites reveals that for particles released inside the ATAL (at 14—15 km
and 16—17 km), the average stratospheric mass concentration of particles released at the ASM anticyclone hinterland is the
largest, and the average stratospheric mass concentration of particles released at East Asia is the smallest. This result is
consistent with the previous findings that the ASM anticyclone is dominate factor impacting on the stratosphere-troposphere
200 mass exchange (STE) in the UTLS region during the ASM period. The closed streamlines around the ASM anticyclone have

a trapping effect, which causes the atmospheric components to reside within the ASM anticyclone for a relatively long time,

8
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and to be isolated and unable to exchange with the air outside the anticyclone (Bian et al.,, 2020; Wu et al., 2023).
Consequently, the combined effect of this trapping effect and the widespread spiral uplift within the anticyclonic region

enables more NCI particles released in the ASM anticyclone hinterland to enter the stratosphere.
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Figure S: Box plots of 12 mo for NCI a2 (red), NCI a4 (blue), and NCI a6 (gray) simulations in the UTLS region (200-50 hPa), (a) for
different release altitudes, and (b) for different release locations. The horizontal line, bottom edge, and top edge inside the box
denote the median, lower quartile, and upper quartile, respectively, while the whisker endpoints correspond to the maximum and
minimum lifetimes (unit: days).

The aerosol lifetime is commonly used to quantify the residence time of aerosols in the entire atmosphere or specific regions.
Fig. 5. displays grouped box plots of the two-month mean lifetime (12 mo) of NCI a2, a4, and a6 particles released at various
altitudes and release sites. As expected, the particle size has a substantial influence on the lifetime of NCI particles in the
UTLS region. As mentioned earlier, the value of 12 mo is primarily governed by the intense removal processes occurring
during the first few days after release, where gravitational deposition serves as the dominant removal mechanism for aerosol
particles in the UTLS region (Zhang et al., 2015). Aerosol particles of different sizes exhibit distinct deposition velocities
due to differences in the relative magnitudes of gravitational and buoyancy forces: the smallest NCI a2 particles have the
lowest deposition velocity, while a6 particles have the highest. Consequently, regardless of the release location, a2 particles
exhibit the longest 12 mo due to their slowest removal rate, with a maximum value reaching 552 days and a median of
approximately 66 days after excluding outliers. NCI a4 particles have shorter T2 mo, With a maximum of 28 days and a median

of about 14 days. Due to their extremely rapid removal, a6 particles have an average 12 mo of only about 11 days. These

9
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results are consistent with the qualitative conclusions drawn from Figs. 3 and 4, confirming that for aerosol particles within
the ATAL, smaller sizes correspond to longer residence times in the UTLS region.

Further analysis of Fig. 5a reveals that the T, mo of NCl a2 and a4 particles increases as the particle release altitude rises. It is
also notable that when the release altitude increases from below the ATAL (11-12 km) to within the ATAL (14—15 km), the
T2 mo Of a2 particles shows a marginal change. However, within the ATAL, when the release altitude increases from 14-15
km (below the tropopause) to 16—17 km (within the stratosphere), the 12 mo of a2 particles increases rapidly, exceeding three
times the value at the lower altitude. This can be attributed to the stronger vertical mixing and convection present in the
troposphere compared to that in the stratosphere, which significantly accelerates the removal of tropospheric particles (Ohata
et al., 2016). Therefore, the particle release altitude relative to the tropopause plays a crucial role in determining the strength
of the early removal process, which is reflected in the value of T2 mo.

Consistent with the results in Fig. 4, the release location also influences the lifetime of particles within the UTLS region (Fig.
5b). Comparison across different release sites shows that for both NCI1 a2 and a4 particles released within the ATAL (at 14—
15 km and 16-17 km) over the ASM anticyclone hinterland, the T2 mo is the longest. This feature is particularly pronounced
for particles with smaller sizes, i.e., when considering NCI a2 particles released at the altitude of 16—17 km, the 12 mo value
for the ASM anticyclone hinterland release site is more than double that of the SA and EA release sites, reaching 552 days.
This phenomenon can also be attributed to the stable presence of the ASM anticyclone and its associated trapping effect
within the UTLS region during the monsoon season.

Following the investigation of bulk properties of particle deposition and residence, we further examine the influence of
release location on the spatial distribution of particles within the UTLS region. Given that NCI1 a2 particles exhibit the
longest lifetime and the most extensive transport scale among the three focused particle sizes, we select these particles as the
primary tracer for all subsequent analyses, to further characterize aerosol transport characteristics through climate model
simulations. Fig. 6 presents the vertical global probability density distributions for NCI a2 particles released at different
locations within the ATAL (from day 10 to 120 after release; key time steps are selected for display due to space constraints).
During the first 30 days after release, the vertical distributions of aerosol particles vary significantly with the different
release locations. The altitude of the maximum probability density varies depending on the release height, with particles
released at 16—17 km generally distributed at higher altitudes. In experiments with both release heights, the altitude of the
maximum probability density is higher than the initial release height, this feature is potentially linked to the convective
activity in the ASM region and the widespread uplift within the ASM anticyclone (Tobo et al., 2007; Yu et al., 2017; Lau et
al., 2018; Ma et al., 2019; Yuan et al., 2019; Zhang et al., 2020).

It is apparent that particles released within the ATAL and inside the ASM anticyclone hinterland can be lifted to higher
altitudes. Starting from day 50 after release, the differences in vertical distribution among particles from different release
locations gradually diminish, and the influence of release height on their vertical distribution weakens. Also note that the
altitude of the maximum probability density for NCI a2 particles gradually decreases. However, due to the trapping effect of

atmospheric constituents by the ASM anticyclone (Bian et al., 2020; Wu et al., 2023), the particles remain primarily within
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the UTLS region, with the dominant height lowering from 120—80 hPa in the early stage (days 10-60) to 180—80 hPa later

(days 70-120).
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Figure 6: Mean vertical distribution of NCI a2 particles after the release at different release locations, where solid lines represent
releases at 16-17 km, dashed lines denote releases at 14-15 km. The lines in blue, red, and gray denote the ASM anticyclone
hinterland release site, SA release site, and EA release site, respectively. The orange (16-17 km) and gray (14-15 km) bars indicate
the initial release height.

To show more details of the horizontal distribution of NCI particles in the UTLS region, Fig. 7 gives the horizontal
probability density distribution of NCI a2 particles released at the ASM anticyclone hinterland and the EA release site at 14—
15 km (the transport characteristics of particles released over SA release site are similar to those from the ASM anticyclone
hinterland and are not shown).

Owing to the trapping effect of the ASM anticyclone on aerosol particles, during the first 40 days after release, NCI a2
particles from both release sites remain predominantly inside the anticyclone. A small fraction disperses outside the
anticyclone with air detaching from its edges, and the horizontal distribution of these particles outside the ASM anticyclone
gradually becomes more uniform. As dispersion continues, for particles released at the ASM anticyclone hinterland at 14—-15
km, a region of high probability density persists in the Northern Hemisphere mid-latitudes even 80 days after the
instantaneous aerosol release. In contrast, the horizontal distribution outside the Northern Hemisphere mid-latitudes becomes
nearly uniform. The EA release site, located near the edge of the ASM anticyclone, experiences different atmospheric

circulation conditions compared to the ASM anticyclone hinterland and SA sites. Aerosol particles released at this site
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disperse more extensively and rapidly outside the anticyclone, and a greater number reach the UTLS region of the Southern
Hemisphere. Eighty days after the instantanecous NCI a2 particle release over EA site, bands of high distribution probability
density are present in the mid-latitudes of both the Southern and Northern Hemispheres.
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Figure 7: Mean probability distribution functions of NCI a2 particles released at the ASM anticyclone hinterland (left) and EA
(right) release site at 14-15 km, overlaid with horizontal wind vectors (gray arrows).

Analysis of Figs. 4-7 indicates that the transport characteristics and atmospheric lifetime of aerosols within the ATAL are
primarily influenced by the ASM circulation, with the ASM anticyclone being one of the dominant weather systems. To

quantitatively analyze the trapping effect of the ASM anticyclone on aerosol particles released at different locations, Fig. 8
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presents the time series of the average mass concentration of NCI a2 particles in the UTLS region (200—50 hPa) for both the
ATAL and NA regions (see Fig. 2). The subplots show the ratio of the total mass of NCI a2 particles in the ATAL region to
the total mass in the Northern Hemisphere for particles released at different release sites; this ratio reflects the relative

number of particles that enter the ASM anticyclone center.
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Figure 8: Time series of the average mass concentration of NCI a2 particles within the 200—-50 hPa height range, after release at (a)
16-17 km, (b) 14-15 km, and (c) 11-12 km, for the ATAL region (solid lines) and the NA region (dashed lines). Blue lines denote
release at the ASM anticyclone hinterland, red lines the SA site, and gray lines the EA site. Subplots show the ratio of the total NC1
a2 particle mass in the ATAL region to the total mass in the Northern Hemisphere after release (units: kg/kg).
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Due to horizontal transport, the mass concentration of a2 particles in the NA region increases rapidly approximately 10 days
after release, with this rapid increase lasting about 10 days. Meanwhile, the average mass concentration in the ATAL region
continuously decreases and gradually converges with that in the NA region (in experiments with releases at 14—15 km and
16—-17 km, the average mass concentration in the NA region undergoes a period of slow increase). This indicates that over
simulation time, the horizontal distribution of aerosol particles in the Northern Hemisphere UTLS region becomes more
uniform, implying that the influence of the ASM anticyclone on particle distribution gradually diminishes. Accordingly, we
define the ASM anticyclone confinement duration as the number of days after release during which a statistically significant
difference (at the 99% confidence level) exists between the average aerosol mass concentrations in the ATAL and NA

regions (details in Sect. 2.4). The calculated confinement durations for each numerical experiment are listed in Table 1.

Table 1: The duration of anticyclonic confinement calculated from the time series of the average mass concentration of NCI a2 and
NCI a4 particles within the 200—50 hPa range for the ATAL and NA regions. (unit: day).

Duration of anticyclonic confinement (day)

Release sites Release height
NCl a2 NCl a4
16—17 km 109 86
ASMA 14-15 km 91 73
11-12 km 15 14
16—17 km 86 68
SA 14-15 km 99 61
11-12 km 92 20
16—17 km 86 64
EA 14-15 km 70 34
11-12 km 15 14

Combining Fig. 8 and Table 1, the confinement duration of NCI a2 particles by the ASM anticyclone varies significantly
with the release altitude, i.e., the higher release altitude corresponds to a stronger trapping effect. For NCl a2 particles
released at 16—17 km and 14-15 km, the average confinement duration is approximately 93.7 days and 86.7 days,
respectively. When the particles are released below the ATAL region (11-12 km), the confinement duration is only about
40.7 days.

Furthermore, NCI a2 particles released at different locations exhibit different confinement durations. For releases at 16—17
km, the confinement duration is longest for the ASM anticyclone hinterland release site, while the durations for the SA and
EA sites are essentially similar. Within about 60 days after release, the proportion of particles entering the anticyclone center

is largest when particles are released at ASM anticyclone hinterland and smallest when particles are released at EA. After 60
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days, the proportions across experiments become generally consistent. This suggests that NCI a2 particles released at 16—17
km from different locations achieve a similar horizontal distribution after approximately 60 days.

The results for particles released at 14—15 km and 11-12 km differ from those at 16—17 km. The proportion of NCI a2
particles entering the ASM anticyclone center is largest when particles are released at SA and smallest when particles are
released at EA. When the release height is lowered to 11-12 km (below the ATAL), the mass proportion of particles in the
ATAL region relative to the total Northern Hemisphere drops to the pre-release level within 10 days for both the ASM
anticyclone hinterland and EA site. The confinement duration for NCl a2 particles at these two sites also decreases markedly
to 15 days. In the SA release site experiment, the high value of the mass proportion in the ATAL region relative to the
Northern Hemisphere total is maintained for a longer time, significantly differing from the other sites. This indicates that a
greater proportion of NCI a2 particles in this experiment are transported upward into the anticyclone center compared to the
others, allowing them to reside longer within the ATAL region and experience a longer trapping effect by the ASM
anticyclone, up to 70 days. This result is consistent with Fig. 4, demonstrating that during the ASM period, the region over
SA (the Indian subcontinent) serves as an effective pathway for transporting aerosol particles from lower altitudes to the

upper troposphere and even into the stratosphere.

4 Conclusions and Discussion

Atmospheric aerosol lifetime is one of the most crucial factors in estimating aerosols’ climate effects. However, the lifetimes
of different-sized aerosols in the UTLS region have not been well quantified in the previous studies due to shortage of in situ
measurements. Using the CESM model, the lifetimes of different-sized aerosols and the duration of the ASM anticyclone
confinement of aerosols are diagnosed in this study. The numerical experiments demonstrate that during the ASM period,
small particles, represented by Aitken-mode sea salt (NCl a2, 0.015-0.052 um), can reside stably within the stratosphere.
Their two-month mean lifetime (T2 mo) reaches up to 552 days, with a median of approximately 66 days after excluding
outliers. These particles also undergo extensive horizontal transport. Larger NCl a4 particles (0.095-0.56 pm) leave the
UTLS region more quickly and exhibit a smaller horizontal transport range compared to NCl a2 particles, with a maximum
To mo Of 28 days and a median of about 14 days. The largest NCI a6 particles (0.63-3.70 um) are subject to gravitational
deposition, which dominates over buoyancy. They therefore deposit rapidly via gravitational sedimentation, resulting in an
average T2 mo of only about 11 days.

As the ASM anticyclone confines most aerosol particles within the ATAL, the vertical deposition process of particles inside
the anticyclone is relatively slow. NCI a2 particles released inside the ATAL remain primarily within the 120—80 hPa range
for up to 60 days. Even after 120 days, the main vertical distribution of NCI a2 particles descends only to the 180—80 hPa
altitudes, still predominantly within the UTLS region. Regarding the horizontal transport characteristics of small NCI a2
particles, they exhibit minimal diffusion outside the ASM anticyclone during the first 20 days after release, with the majority
remaining inside the anticyclone for the first 40 days. By 80 days after release, the region of high probability density within
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the Northern Hemisphere mid-latitudes gradually dissipates, and the horizontal distribution becomes nearly uniform across
the UTLS region between 20° S and 60° N.

The atmospheric circulation near the aerosol release location also influences particle transport in the UTLS region. When
aerosols are released inside the ATAL (at 14—15 km and 16—-17 km), the trapping effect of the ASM anticyclone varies with
the release site's relative position to the anticyclone center. This leads to differences in aerosol distribution, transport
characteristics, and aerosol lifetimes among experiments. The average stratospheric mass concentration of NCI a2 and a4
particles, their 12 mo in the UTLS region, and the ASM anticyclone confinement duration are all greater for the ASM
anticyclone hinterland and South Asian (SA) release sites compared to the East Asian (EA) site. However, NCI a2 particles
released at the EA site (on the edge of the ASM anticyclone) disperse more rapidly and extensively horizontally beyond the
ATAL region than particles from other sites. A larger portion of these EA-released particles also reaches the Southern
Hemisphere UTLS region.

When aerosols are released below the ATAL (at 11-12 km), vertical motion near the release site significantly influences the
number of particles entering the UTLS region. Specifically, aerosols released over South Asia more readily enter the ASM
anticyclone and the stratosphere, thus residing longer in the UTLS region.

Given that fact that aerosol mass concentration within the ATAL exhibits a persistent increasing trend over the past decade
(Yuan et al., 2019; Bossolasco et al., 2021), the results presented in this study have significant implications for future
accurate evaluation of ATAL's climate effects. Estimates of the ATAL’s radiative effects in previous studies have based on
bulk aerosol properties, without accounting for the critical dependence of radiative efficiency on particle size and
atmospheric lifetime (Murphy et al., 2021). The systematic quantification of lifetimes for different sized aerosols in the
ATAL in this study provides some essential parameters for more accurate evaluation of the ATAL’s climate effects. On the
other hand, while the present solar geoengineering proposals related to stratospheric aerosols have large uncertainties in
optimal injection location, timing, and frequency (Bednarz et al., 2023; Visioni et al., 2023), the findings in this study offer
some detailed, process-based information for the design of stratospheric aerosol injection (SAI) strategies. However, more
systematic studies are worthwhile to compare the lifetimes of aerosols injected from the ASM domain with that from other
sites to obtain more integrated information for the SAI strategies.

It should be pointed out that our idealized climate model experiments uses chemically inert NCI aerosols as size-fractionated
passive tracers with their radiative and chemical effects are disabled in the model. This approach enables us to isolate the
dynamical and size-dependent variations on aerosol lifetime and transport properties. However, aerosols in the ATAL have
complex composition and various sources with organic aerosols, and sulfate and nitrate aerosols are the dominant
components of the real ATAL. Those aerosols involve complex radiative-chemical-dynamical feedbacks in the UTLS, and
hence, the lifetime of the ATAL aerosols could also be modulated indirectly by their radiative and chemical effects. This

issue is worthy further investigations.
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Code and data availability

The codes and model simulations can be downloaded via https://doi.org/10.17605/OSF.IO/UCXEP. The MERRA-2 data are
publicly available at https://search.carthdata.nasa.gov/search?q=MERRA2&fst0O=Atmosphere (Gelaro et al., 2017). Data
analysis and visualization were performed using Matlab R2022a, an openly available version, downloaded from

https://ww2.mathworks.cn/downloads/.
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