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Abstract The South Asian Summer Monsoon (SASM) strongly influences aerosol and moisture transport
over the Tibetan Plateau (TP), shaping its environment and climate. However, its impact on aerosol activation
remains unclear due to limited observations. Here, in situ measurements at Mount Qomolangma Station during
the 2024 SASM reveal weak aerosol activation capacity over the southern TP, with hygroscopicity parameter
values mostly below 0.1 and daily-mean cloud condensation nuclei (CCN) concentrations at 0.2%
supersaturation ranging from 5 to 282 cm ™. Notably, CCN concentration, activation fraction, and
hygroscopicity all exhibit significant negative correlations with SASM intensity, suggesting that stronger
monsoonal transport reduces aerosol activation as clouds. This weakening is attributed to orographic lifting of
monsoon air masses, which enhances cloud formation, precipitation, and wet scavenging, depleting CCN during
upslope transport before the airmass reaches Qomolangma. These findings have important implications for
understanding cloud formation and aerosol—cloud interactions over this climatically sensitive region.

Plain Language Summary Cloud condensation nuclei (CCN), often referred to as the “seeds” of
clouds, play a crucial role in determining cloud properties such as thickness and lifetime. The South Asian
Summer Monsoon transports aerosols, including CCN, from the Indian subcontinent to the Tibetan Plateau
(TP). It might be expected that stronger monsoon activity would deliver more CCN to the Plateau. However, in
situ observations at Mount Qomolangma Station reveal the opposite: as monsoon intensity increases, fewer
aerosols and CCN reach the Plateau, at least in the near-surface layer. This occurs because moist monsoonal air,
when lifted by the southern slopes of the TP to altitudes exceeding 4,000 m, promotes cloud and precipitation
formation, which in turn removes not only aerosol particles in general but preferentially those with higher
activation potential (i.e., larger size and greater hygroscopicity), thereby reducing the CCN activity of the
remaining aerosol population over the southern TP. This has important implications for understanding cloud
formation and aerosol—cloud interactions in this climatically sensitive region.

1. Introduction

Cloud condensation nuclei (CCN) activation constitutes the initial and critical step in warm cloud formation.
Together with ambient water vapor supersaturation, CCN activation governs the cloud droplet number con-
centration, which in turn influences cloud microphysical properties, precipitation formation and climate
(Charlson et al., 1992; Pohlker et al., 2023; Prabhakaran et al., 2020; Stevens & Feingold, 2009; Stier et al., 2024;
C. Zhao et al., 2024). As the focus of aerosol—cloud interaction research, CCN activation has been extensively
observed and studied across diverse environments, including urban and suburban (e.g., Bhattu & Tripathi, 2014;
Deng et al., 2011; Patidar et al., 2012; Rejano et al., 2021; Salma et al., 2021; Yuan & Zhao, 2023), rural (e.
g., Kuang et al., 2024; Singla et al., 2017; Tao et al., 2021; Y. Wang et al., 2022), tropical rainforest (e.g., Gunthe
et al., 2009; Irwin et al., 2011; Pohlker et al., 2016), coastal (e.g., Bougiatioti et al., 2016; Gong et al., 2019;
Jayachandran et al., 2018), and high-altitude remote regions (e.g., Jayachandran et al., 2018; Rejano et al., 2024;
Shen et al., 2025; J. Z. Xu et al., 2024).

Known as the Third Pole of the world and the Water Tower of Asia, the Tibetan Plateau (TP) plays a critical role
in regulating the regional water cycle and climate through its cloud systems (Kang et al., 2022; Liu et al., 2020; Y.
Ma et al., 2017). However, limited in situ observations have hindered a clear understanding of cloud formation
processes in this region. Y. Wang et al. (2024) conducted in situ GACPE-STP campaign and found that from
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August to October 2023, the CCN activation capacity at Yadong Station (27.42°N, 88.90°E; 3136 m a.s.1.) on the
southern TP slope was notably weak. Specifically, mean CCN concentrations and activation fractions at super-
saturations ranging from 0.07% to 0.7% varied from 24 to 483 cm™ and 2%—48%, respectively, and aerosol
hygroscopicity values derived from multiple measurement schemes (Methods Section in Y. Wang et al., 2024)
were consistently below 0.1, which is well below the continental reference value of 0.3 = 0.1 suggested by
Andreae and Rosenfeld (2008). Y. Wang et al. (2024) primarily attributed the weak activation to distinctive local
emissions over the Southern TP. However, the potential influence of the South Asian Summer Monsoon (SASM)
on aerosol activation capacity over the TP remains unexplored.

The SASM is a major pathway for the transport of moisture, aerosols, and energy from the Indian subcontinent to
the TP (Fadnavis et al., 2017; Guo et al., 2025; Kang et al., 2022). From May to September, the SASM carries
abundant water vapor from the Indian Ocean and the Bay of Bengal, driving widespread precipitation over South
Asia (B. Wang et al., 2009; Webster & Yang, 1992). Concurrently, high aerosol loadings over the Indian sub-
continent can be lofted and transported northward to the TP by monsoonal flow (Kang et al., 2019; Yu et al., 2024;
Z.Zhao et al., 2013). These intrusions of aerosols and water vapor significantly influence cloud and precipitation
processes over the TP and alter regional radiative forcing. The transport mechanism is primarily driven by strong
SASM activity, which efficiently lifts pollutants from the Indian subcontinent into the upper-level anticyclone,
thereby increasing aerosol concentrations in the upper troposphere over the TP (e.g., Fadnavis et al., 2013, 2017;
J. Ma et al.,, 2019). However, the influence of low-level transport pathways remains uncertain. Specifically,
whether stronger monsoon activity enhances aerosol transport and subsequently increases CCN activation ca-
pacity in the mid—lower troposphere over the TP is still unclear, limiting our understanding of cloud formation and
aerosol—cloud interactions in this climatically sensitive region.

To address this, the GACPE-STP campaign was extended through a comprehensive in situ experiment at Mt.
Qomolangma Station, covering the full 2024 monsoon season. The aims of the experiment are to examine whether
the weak aerosol activation capacity observed over the southern TP (Y. Wang et al., 2024) persists throughout the
entire monsoon period and explores how variations in SASM intensity influence the aerosol activation capacity in
this region. These questions form the central focus of the present study.

2. Data and Methods
2.1. Experiment and Data

The Qomolangma Comprehensive Atmospheric and Environmental Observation Research Station of Chinese
Academy of Sciences (QOMS; 28.21°N, 86.56°E, 4276 m a.s.1.) is located on the northern slope of Qomolangma,
approximately 30 km from the Qomolangma Base Camp. The in situ experiment was conducted from 26 May to
25 September 2024, yielding 123 consecutive days of observations that fully covered the monsoon season.
Situated in a pristine environment with minimal human activity and no industrial emissions, QOMS is repre-
sentative of clean background conditions over the southern TP (Kang et al., 2022).

A site photo of the experiment is provided in Figure S1 in Supporting Information S1. To characterize aerosol
activation capacity, the following instruments were employed. A CCN counter equipped with double cloud
columns (CCNC, model 200; DMT Inc.) was used to quantify CCN number concentrations (Nqcy) at different
water vapor supersaturation (SS) levels (Lance et al., 2006; Roberts & Nenes, 2005). Column A was operated at a
constant SS of 0.2%, while Column B cycled through 9 SS levels ranging from 0.07% to 0.7%, completing one
cycle approximately every hour. Unactivated particles at low SS were identified and corrected following the
methodology of Y. Wang et al. (2019) and Tao et al. (2023). As shown in Figure S2a in Supporting Informa-
tion S1, the Ny measured simultaneously by Columns A and B at 0.2% SS exhibited a strong positive cor-
relation, with a Pearson correlation coefficient () of 1.00 and a slope of 1.18, supporting the reliability of the CCN
measurements.

A Scanning Mobility Particle Sizer (SMPS, model 3938L50; TSI Inc.) measured the dry particle number size
distribution (PNSD, 19.5-710.5 nm, 101 bins), and the total aerosol number concentration (,) was derived by
integrating the entire PNSD. A full PNSD was obtained every 2 min. A comparison of N, and Ny at 0.2% SS
from Column A is shown in Figure S2b in Supporting Information S1. Driven by variations in SASM intensity,
the relationship between N, and Ny exhibits two distinct positive correlations with different slopes, as dis-
cussed in the Result Section.
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A seven-wavelength Aethalometer (AE33, Magee Scientific Inc.) was employed to measure aerosol absorption
coefficients and derive equivalent black carbon (BC) mass concentration (Drinovec et al., 2015). Meteorological
parameters, including temperature, relative humidity (RH), pressure, wind direction and speed, and precipitation,
were recorded by an automatic weather station (WXT530; Vaisala Inc.), with the temporal evolution of their daily
averages shown in Figure S3 in Supporting Information S1. Additionally, monsoon indices characterizing SASM
intensity are derived from NCEP reanalysis data. Aerosol loading and daily precipitation are represented using
MODIS aerosol optical depth (AOD) products and GPM precipitation data, respectively.

2.2. Monsoon Index and HYSPLIT Model

The SASM intensity can be quantified using several established indices. In this study, we adopt the Onset Cir-
culation Index (OCI) proposed by B. Wang et al. (2009) to characterize the evolution of the 2024 SASM. The OCI
is defined as the average 850 hPa zonal wind over the southern Arabian Sea (5°-15°N, 40°-80°E), with the SASM
onset identified when the index exceeds 6.2 m s~" for at least seven consecutive days. In addition to the OCI, other
commonly used indices were calculated, with definitions provided in Table S1 in Supporting Information S1. As
shown in Figure S4 in Supporting Information S1, all indices consistently indicate that the 2024 SASM began in
early June, reached its peak in July, and ended in late September. Significant correlations among these indices
(Figure S5 in Supporting Information S1) suggest that the choice of index does not affect the robustness of our
conclusions.

The HYSPLIT model (https://www.arl.noaa.gov/hysplit/, last access: 30 May 2025), developed by the Air Re-
sources Laboratory of NOAA, was used to simulate the atmospheric transport of air masses (Stein et al., 2015).
Following trajectory durations commonly used in the TP region (J. Xu et al., 2018; L. Zhang et al., 2021), 72-hr
backward trajectories were computed at 1-hr intervals from a starting height of 100 m above ground level,
resulting in 2,952 trajectories over the 123-day observation period. These trajectories were subsequently clas-
sified into four clusters.

3. Results
3.1. Low Aerosol Concentrations and Weak Activation Capacity

Figure 1 presents the time series of daily averaged aerosol physicochemical and activation characteristics
throughout the campaign. The dry PNSD exhibited a unimodal pattern (Figure 1a). The daily-mean N, ranged
from 240 cm™ to 1567 cm ™, with an average of 732 cm ™, which is comparable to those reported in the Amazon
rainforest (Gunthe et al., 2009; Pohlker et al., 2016). The daily-mean median particle diameter (D ,.qi.,) averaged
73.7 nm, reaching a maximum of 126.8 nm and a minimum of 44.5 nm.

Time series of Nqcy under different SS conditions is shown in Figure lc. Positive correlations are observed
among Ny values across all SS levels. As SS increased from 0.07% to 0.7%, the average Ny rose from 7 to
238 cm ™, and the corresponding activation fraction (AF, defined as the ratio of Nocy to N,) increased from 0.7%
to 32.4%. At a SS of 0.2%, the daily-mean Ncy varied from 5 to 282 cm™ with an average of 52 cm™. The
corresponding daily-mean AF ranged from 1.6% to 18.3%, averaging 6.2%. The dependence of Ny on SS
follows a power-law relationship:

Neen = C x SSF )

where the fitted coefficient C is 371 cm ™, representing the Necy at 1% SS, and the exponent & is 1.05, exceeding
the typical continental range of 0.4-0.9 summarized by Seinfeld and Pandis (2016). Figure 1d shows the time
series of the aerosol hygroscopicity parameter («) at 0.2% SS, derived from Ny and the dry PNSD based on -
Kohler theory (Petters & Kreidenweis, 2007; see Text S1 in Supporting Information S1 for calculation details).
The k values obtained from CCNC Columns A and B were 0.06 and 0.07, respectively, indicating weak aerosol
hygroscopicity. These values are substantially lower than the continental reference value of 0.3, as recommended
by Andreae and Rosenfeld (2008).

Compared to observations at the Yadong site (Y. Wang et al., 2024), the present experiment at QOMS revealed
even lower aerosol concentration and weaker activation capacity. Specifically, lower N, (732 vs. 962 cm™),
smaller D, gian (73.7 vs. 93 nm), and reduced « (0.07 vs. 0.09 at 0.2% SS) were observed at QOMS. These factors
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Figure 1. Time series of daily-mean aerosol physicochemical and activation characteristics and South Asian summer
monsoon index during the observation period. (a) PNSD, (b) N, and D, .gi.n» (€) Nccy at various SS conditions, and
activation fraction at 0.2% SS, (d) x and daily precipitation, (e) mpc and fc, (f) the Onset Circulation Index.

led to significantly lower Necy (52 vs. 206 cm™ at 0.2% SS) and AF (6.2% vs. 14.7% at 0.2% SS) at QOMS,
indicating a further suppression of aerosol activation. Despite a nearly 1 km difference in altitude and slightly
different observation periods, the similar results observed at the two sites highlight the generally weak ability of
aerosols to activate as cloud droplets in southern TP during the SASM period.

A notable feature in the time series of aerosol activation characteristics is the significantly stronger activation
capacity observed during the early part of the campaign, prior to mid-June. This period is characterized by larger
D
and 5 times higher, respectively, than those after mid-June. This contrast also explains the two distinct positive

median and higher N, Ny, and AF. On average, both AF and Ny before mid-June were approximately 3.5
slopes in the correlation between N, and Ny shown in Figure S2b in Supporting Information S1. In addition, as
shown in Figure le, the BC mass concentration (mgc) exhibited a temporal pattern similar to that of N, and Ngcps
with higher values observed before mid-June and a noticeable decrease thereafter. However, the BC mass fraction
(fgc» defined as the ratio of mpc to total aerosol mass concentration) increased after mid-June, especially
following mid-July. The underlying mechanism is closely linked to variations in SASM intensity and is discussed
in subsequent sections.

3.2. SASM Weakens Aerosol Activation Capacity

Driven by the SASM, aerosols from the Indian subcontinent and moisture from the Indian Ocean and the Bay of
Bengal are transported northward to the TP (Guo et al., 2025; Yu et al., 2024; Z. Zhao et al., 2013). Building on
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Figure 2. Correlations between onset circulation index and daily-mean aerosol physicochemical and activation
characteristics: (a) N,, (b) D, cgian> (€) K, (d) Ny at 0.2% supersaturation, (e) activation fraction at 0.2% supersaturation,
(f) mpc. Error bar represents one standard deviation. Color bar indicates date, and black lines represent linear fits. Asterisks
denote significance levels determined through weighted least squares (*p < 0.05, **p < 0.01).

this, we investigate how variations in SASM intensity influence the aerosol activation capacity in the lower
troposphere over the southern TP. The strength of the 2024 SASM is characterized using the OCI (B. Wang
et al., 2009), and its temporal evolution during the observation period is shown in Figure 1f. The influx of
moisture transported by the monsoon led to a marked increase in RH at QOMS, with its temporal variability
broadly consistent with the SASM intensity (Figures S3b and S6 in Supporting Information S1).

Figure 2 presents the correlations between the OCI and daily-mean aerosol physicochemical and activation
characteristics. First, OCI shows a weak but statistically significant negative correlation with N, (r = —0.22),
passing the 95% confidence level. This indicates that, contrary to expectations, stronger monsoonal transport does
not increase N, over the TP but rather decreases N,. Second, a significant negative correlation is found between
OCI and D, ogj.n (r = —0.51), passing the 99% confidence level, suggesting that stronger monsoons are associated
with a reduction in larger aerosol particles over the TP. Third, OCI exhibits a weak negative correlation with x
(r = —0.19), also significant at the 95% level, implying a decline in aerosol hygroscopicity under stronger
monsoon conditions. Together, the negative correlations between OCI and N,, D, c4ian» and « explain the overall
reduction in aerosol concentration and activation capacity with increasing SASM intensity. As shown in
Figures 2d and 2e, both Ny and AF at 0.2% SS exhibit significant negative correlations with OCI (r = —0.47
and —0.56, respectively), exceeding the 99% confidence level. We select Ny and AF at 0.2% SS as repre-
sentative metrics, as previous in situ observations from the GACPE-STP campaign identified 0.2% as the
characteristic peak effective SS within orographic clouds over the southern TP (Y. Wang et al., 2025). Similar
significant negative correlations between OCI and Ny and AF are observed at other SS levels (Figures S7 and
S8 in Supporting Information S1). In addition, the mg also shows a negative correlation with OCI (r = —0.37),
significant at the 99% confidence level (Figure 2f). However, the strength of this correlation is weaker than that
between OCI and Ny at any SS level, as indicated by a lower r.

3.3. Underlying Mechanisms

Backward trajectory simulations using the HY SPLIT model reveal that during the observation period, approx-
imately 94% of air masses arriving at QOMS originated from the low-altitude Indian subcontinent, while 5% and
1% were traced to the central TP and the Taklimakan Desert, respectively (Figure 3a). Figure 3b shows all
simulated trajectories overlaid on the MODIS AOD field. Northeastern India exhibits substantially elevated AOD
compared to surrounding regions, primarily due to intensive emissions from residential and transportation sources
(Dutta & Chatterjee, 2022). Driven by the SASM, aerosols from these highly polluted areas may be transported
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Figure 3. Topography of the Tibetan Plateau and surrounding regions, background aerosol loading, precipitation distribution, and air mass trajectories during the
observation period at QOMS. (a) Location of QOMS, with colored lines indicating clustered 72-hr HYSPLIT backward trajectories; (b) all trajectories overlaid on the
mean MODIS aerosol optical depth (AOD; gray indicates missing data); (c) mean Ny at 0.2% supersaturation under different trajectory clusters, with black bars
indicating the overall mean; (d) daily precipitation derived from GPM and mean wind vectors from NCEP reanalysis; (e) correlation between onset circulation index and
vertical velocity (w) averaged over the red box area in panel (d) at 750 hPa.

toward the TP. In contrast, air masses from northern pathways traverse regions characterized by relatively low
AOD levels and are dominated by dust aerosols, which typically contribute only minimally to CCN formation
(Chen et al., 2020; Manktelow et al., 2010). Interestingly, in situ measurements show that air masses from the
north are associated with slightly higher Nocy values than those from the more polluted southern regions
(Figure 3c).

This pattern is closely associated with the frequent precipitation along the southern slope of the TP (Figure 3d).
During the SASM, monsoonal air masses are orographically lifted by the terrain, triggering cloud formation and
subsequent precipitation. In this process, particles with higher activation potential are preferentially removed,
leaving behind smaller and less hygroscopic aerosols. Activation as cloud droplets does not directly remove
aerosols, due to the complexities of cloud processing, while precipitation-related scavenging (e.g., below-cloud
scavenging, in-cloud coalescence) reduces aerosol concentrations. Although these air masses initially carry
abundant moisture and aerosols, their ascent over the southern TP slope leads to significant CCN consumption
and aerosol reduction, weakening their activation capacity by the time they reach QOMS. In contrast, air masses
from the north, dominated by dust aerosols and traveling through regions with limited cloud development and
precipitation, retain relatively higher activation capacity.

The orographic lifting of monsoonal air masses also accounts for the observed negative correlation between
SASM intensity, as represented by the OCI, and aerosol activation capacity. On days with stronger monsoon
activity, enhanced vertical ascent over the southern TP slope leads to rapid lifting and cooling of air parcels
(Figure 3e). This favors higher SS levels, promotes CCN activation as clouds, and accelerates cloud micro-
physical processes such as condensation and collision—coalescence, ultimately resulting in increased precipita-
tion. These conditions enhance the depletion of effective CCN and intensify aerosol removal through wet
scavenging, thereby reducing the aerosol activation capacity at QOMS.

BC is generally hydrophobic or weakly hygroscopic (Laborde et al., 2013; Peng et al., 2017), but its mixing state
can allow activation under sufficient water vapor (Hu et al., 2021; Kuang et al., 2024; Motos et al., 2019;
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Figure 4. Schematic illustration of the mechanism by which the South Asian summer monsoon suppresses aerosols activation
as cloud droplets over the southern Tibetan Plateau (TP). The subplots show the dependence of N on SS observed at sites
located at different altitudes over the southern TP and the Indian subcontinent.

Tian et al., 2024). The observed negative correlation between OCI and mg reflects the combined effects of in-
cloud processing and wet scavenging during transport. Generally, weaker activation of BC-containing aero-
sols generally leads to weaker scavenging, but it remains uncertain whether sub-cloud scavenging dominates.
The increase in fy during the later phase of the SASM (Figure le) suggests that particles with higher activa-
tion potential are more likely to be removed by cloud processes, leaving a relatively higher fraction of BC at
QOMS.

Furthermore, CCN measurements from observation stations at different elevations along the transport pathway
from the Indian subcontinent to the southern TP during the SASM consistently show a pronounced decline in
Ncen With increasing altitude (Figure 4). At 0.2% SS, the mean Ny values are reported to be approximately
2000 cm™ at the Indo-Gangetic Plain station (142 m; Dumka et al., 2015; Patidar et al., 2012; Bhattu & Tri-
pathi, 2014), around 550 cm™> at Mt. Marora station (~2 km; Gogoi et al., 2015; Dumka et al., 2015), and
206 cm™ at Yadong Station (3136 m; Y. Wang et al., 2024). In this study, an even lower value of 52 cm™ is
observed at QOMS (4276 m). This vertical gradient in Ny supports the proposed mechanism that monsoonal air
masses, as they are lifted along the southern TP slope, experience substantial CCN depletion due to cloud for-
mation and precipitation scavenging, thereby reducing their aerosol activation capacity upon arrival at the
Plateau. Nevertheless, further down the mountain, the relationship between SASM intensity and aerosol acti-
vation capacity could be different, which warrants discussion in future studies.

4. Conclusions and Discussions

Tibetan Plateau plays a critical role in regulating regional hydrological cycles, radiative energy balance, and
large-scale climate. However, aerosol—cloud interactions over this high-altitude region remain poorly constrained
due to limited in situ observations, particularly in terms of aerosols activation as clouds. The SASM transports
pollutants from the Indian subcontinent to the upper troposphere over the TP (Fadnavis et al., 2017; X. Zhang
et al., 2025). However, due to limited observational evidence, it remains unclear whether the SASM can transport
pollutants into the lower troposphere over the TP and, consequently, how this affects aerosol activation capacity.
Thus, we conducted a comprehensive in situ experiment at the QOMS on the southern TP, covering the full 2024
SASM period.

We observed generally weak aerosol activation capacity at QOMS. The mean Ny increased from 7 to 238 cm™

as the SS increased from 0.07% to 0.7%. The k remained consistently below 0.1. These findings are consistent
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with in situ observations at the Yadong site during the latter half of the 2023 monsoon season (Y. Wang
et al., 2024), indicating that weak CCN activation may be a persistent feature over the southern TP during the
monsoon.

In addition to the influence of local emissions, this study identifies a clear suppressive influence of the SASM
on aerosol activation capacity over the southern TP. The OCI, used to quantify SASM intensity, shows
significant negative correlations with N,, D, .4ian» K> Ncens and AF. Previous studies show that strong SASM
activity efficiently lifts pollutants from the Indian subcontinent into the upper-level anticyclone, increasing
aerosol concentrations in the TP upper troposphere (e.g., Fadnavis et al., 2013, 2017; J. Ma et al., 2019; X.
Zhang et al., 2025). In contrast, our results reveal that more intense monsoon conditions are instead associated
with a reduced aerosol concentrations and activation capacity in the lower troposphere over the southern TP.
As illustrated schematically in Figure 4, this inverse relationship can be explained by the orographic lifting of
moist monsoonal air masses along the southern TP slope. As these air masses ascend, cooling increases the
SS, promoting CCN activation and accelerating warm-cloud microphysical processes such as condensation
and collision—coalescence. These processes enhance precipitation development, which in turn leads to sig-
nificant aerosol removal via wet scavenging. As a result, both N, and Ny are substantially depleted by the
time these air parcels reach the QOMS site. Moreover, stronger SASM conditions are associated with
enhanced vertical velocities over the southern TP slope, further intensifying in-cloud activation and wet
removal processes.

These results highlight the significant influence of the SASM on aerosol activation as clouds into the lower
troposphere over the southern TP. While this study focuses on CCN and liquid-phase clouds, the response of ice-
nucleating particles (INPs) under similar conditions remains uncertain. Given the prevalence of mixed-phase and
ice clouds over the TP (J. Wang et al., 2021), future campaigns should integrate simultaneous CCN and INP
measurements to better constrain aerosol—cloud interactions in this climatically sensitive region.
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