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High effective supersaturation offsets low
aerosol hygroscopicity to promote
orographic cloud formation over the
southern Tibetan Plateau
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The Tibetan Plateau, known as Asian water tower, plays a crucial role in regional water cycles and
climate. However, limited in-situ cloud observations have hindered a comprehensive understanding of
cloud microphysical processes over this region. To address this, a ground-based in-situ experiment
was conducted in the southern Tibetan Plateau (STP) to investigate aerosol-cloud-precipitation
interactions. Utilizing extensive microphysical measurements of aerosols and clouds, this study
derived in-cloud water vapor supersaturation (SS) and examined its role in aerosol activation and cloud
development. Results revealed that orographic clouds over the STP exhibit notably high SS levels,
with an average SS of 0.36% and cloud case mean SS ranging from 0.1% to 1.27%. Such high SS
compensates for the low hygroscopicity of Aitken-mode aerosols, facilitating their activation into
cloud droplets. The resulting microphysical changes include increased droplet number
concentrations, broader droplet spectra, and enhanced cloud liquid water content, which could
promote collision-coalescence processes and precipitation formation. Moreover, these SS-induced
microphysical changes may enhance cloud albedo and influence regional radiative forcing, potentially
impacting atmospheric circulation and monsoon dynamics over the Tibetan Plateau. These findings
highlight the critical role of high SS in cloud formation under conditions of weak aerosol activation
potential, offering new insights into orographic cloud processes in high-altitude environments.

Water vapor supersaturation (SS) is defined as the difference between actual
water vapor pressure (e) in the atmosphere and the saturated vapor pressure
(e;), normalized by e,

ss =% x100% (1)

€

SS plays a crucial role in cloud formation and evolution. It governs
aerosol activation, directly influencing the initial cloud droplet number
concentration", while also modulating the condensation growth of cloud
droplets, thereby shaping the cloud droplet size distribution (CDSD)™. As
such, SS is a fundamental parameter in determining cloud microphysical
properties™, with far-reaching implications for precipitation processes™’
and cloud radiative effects'"”, ultimately influencing the global climate
system". Despite its significance, accurately quantifying SS remains

methodologically challenging, as persistent gaps in mechanistic under-
standing hinder the development of robust model constraints"*".
Meteorologists have long been intrigued by SS, yet a mature and reli-
able measurement method remains elusive. As early as the 1950s, Howell"®
estimated SS generated by adiabatic cooling during air parcel ascent through
numerical calculations, revealing that SS typically exceeds 0.1%, with
extreme cases surpassing 1.0%. Twomey'” further investigated the influence
of aerosol concentration on SS, highlighting that under similar dynamical
conditions, cleaner environments often exhibit higher SS values. Building on
Howell', Richard"® modified the SS source term by incorporating radiative
cooling rates to estimate SS in four radiation fog events observed in Cali-
fornia, reporting SS ranging from 0.02% to 0.24%, though the effect of latent
heat was neglected. With the development and application of supersaturated
cloud chambers, some studies have attempted to infer SS indirectly by
comparing simultaneously observed cloud droplet number concentration
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(N¢) and the cloud condensation nuclei (CCN) spectrum'*™', which char-
acterizes the relationship between CCN number concentration (N¢cy) and
SS. However, this approach offers only a coarse estimation of the average SS
over extended periods, typically exceeding half an hour, depending on the SS
cycling time in the CCN counter. Moreover, it tends to exhibit considerable
bias when estimating lower SS values, such as those found in shallow
cumulus clouds and fog, due to inherent measurement uncertainties in
cloud chambers under low-SS conditions . Recently, Kuang et al.”®
developed an advanced aerosol-cloud sampling system designed to measure
fog and cloud activation processes, which holds promise for providing new
insights into the evolution of SS and its fluctuations™.

Based on Kéhler theory', the wet diameter of unactivated particles is
positively correlated with SS. Gerber”” developed a saturation hygrometer to
estimate SS by measuring the diameter of unactivated particles, though its
measurements remain highly uncertain. Additionally, the H,O analyzer
from Licor can also be used to estimate SS by measuring the attenuation of
infrared radiation by moist air*®, but its absolute measurement uncertainty
of 1% limits its effectiveness for SS investigations. The x-Kohler theory
simplifies activation process calculations by representing the complex
chemical composition of aerosols with a single hygroscopicity parameter,
«”’, offering an alternative approach for indirectly estimating SS. By com-
bining measurements of dry particle number size distribution (PNSD), «,
and CDSD, the critical dry activation diameter (D) can be calculated and
used to the x-Kohler equation to derive SS. It has been widely used to
estimate SS in fog, revealing that SS in fog is generally below 0.1%. For
instance, in suburban Paris, median SS in fog events ranges from 0.03% to
0.11%, while in radiation fog over the North China Plain, SS ranges from
0.01% to 0.05%’', and in tropical rainforest radiation fog, the average SS is
0.07%. Theoretically, higher SS values can occur in clouds™***, potentially
exceeding 1%, which would enable submicron aerosols to activate and form
clouds™. However, studies on in-cloud SS are still limited, resulting in a
poor understanding of its distribution and underlying mechanisms in
clouds. Ground-based mountain cloud experiments offer a promising
method for investigating in-cloud SS.

As the Asian water tower, the Tibetan Plateau plays a crucial role in
regulating regional water resources’*”. Understanding the microphysical
processes of cloud and precipitation in this region is therefore of great
significance. However, relevant studies remain scarce, particularly those
involving in-situ observations. To address the observational gap in high-
altitude cloud regimes, we conducted the Ground In-situ Aerosol-Cloud-
Precipitation Experiment on the southern Tibetan Plateau (GACPE-STP)
during the South Asian summer monsoon period in 2023. Wang et al.**
found that aerosols in this region exhibit rather weak hygroscopicity
(x <0.1), implying a low activation potential for cloud formation. Surpris-
ingly, however, numerous cloud processes were observed during the
experiment. Ground-based cloud imager recorded an average daily cloud
cover of 0.7, while the fog monitor detected 145 orographic cloud cases,
accumulating a total duration of 320 hours (see Fig. S1 in Supplementary
Information). This suggests that the observational site may benefit from
favorable cloud dynamical and moisture conditions, potentially generating
higher SS that overcomes the weak cloud-forming potential of local aerosols,
thereby enhancing cloud formation. A plausible explanation for the high in-
cloud SS is the orographic lifting of moisture-laden air transported by the
South Asian summer monsoon from the Bay of Bengal of the Indian Ocean
as it ascends the Tibetan Plateau™.

During the South Asian summer monsoon, the abundant orographic
clouds along the southern slope of the Tibetan Plateau serve as a natural
laboratory for investigating aerosol-SS-cloud interactions in high-altitude
cloud regimes. In this study, we estimate SS using two methods based on
aerosol, CCN, and cloud measurements obtained from the GACPE-STP
experiment, enabling us to test the hypothesis of high SS in orographic
clouds over this region. Furthermore, we examine the influence of SS on
aerosol activation and cloud microphysical properties, elucidating the
mechanisms through which varying SS conditions modulate cloud pre-
cipitation and radiative properties. These findings provide valuable insights

and observational evidence for aerosol-SS—cloud interactions over the
Tibetan Plateau.

Results

In-situ observed high water vapor supersaturation in STP
orographic clouds

In the GACPE-STP experiment, the simultaneous observation of weak
aerosol cloud-forming potential®® and the frequent occurrence of clouds
suggest the presence of high SS during cloud formation. We estimated SS
indirectly using two methods. The first method draws from previous
ground-based fog experiments™~*, where the effective SS (SS,) is derived by
applying the x-Ko6hler equation to concurrently measured dry PNSD, «, and
CDSD, identifying the SS required for these aerosols to activate into the
observed cloud droplets. The second method relies on measurements from a
CCN counter (CCNC) and CDSD"*', determining the SS (SSccn) at which
the Nccy equals Ne. A detailed description of both methods and their
associated uncertainties is provided in the Methods section.

Figure 1 presents the overall characterization of SS in STP orographic
clouds. During the GACPE-STP experiment, a total of 145 orographic cloud
cases were observed, among which SS.; was calculated for 136 cases and
SScen for 95 cases. Figure 1a shows the average SS.¢and SSccy for each
cloud case, revealing relatively high SS in orographic clouds over this region.
The mean SSeﬁacross all clouds was 0.36%, and the mean SS-n was 0.27%,
both significantly higher than the typical SS values below 0.1% in
fogs™"~**, twice the 0.16% SS reported for marine stratocumulus clouds by
Ditas et al.”, and slightly above the 0.10% to 0.50% range in marine
boundary layer clouds by Gong et al.”’. Moreover, SS varied notably among
different cloud cases. Figure 1b shows the probability density distributions
(PDFs) of SS.and SScons both exhibiting a distinct right-skewed pattern.
Most SS.iand SSccy values are concentrated between 0.1% and 0.3%, with
the PDFs gradually decreasing as SS.5and SSccy increase. The minimum
and maximum mean S8 among cloud cases were 0.10% and 1.27%,
respectively, differing by more than an order of magnitude. This large
variation implies substantial differences in cloud dynamical and moisture
conditions during cloud formation. For instance, some parcels may have
experienced cloud formation and moisture depletion before reaching the
observation site, leading to lower SS upon subsequent cloud formation.
Finally, SSefr and SSccn exhibited consistent variation trends. Figure 1c
further shows the relationship between mean SS.rand SSccn, along with the
corresponding linear fit, revealing a significant positive correlation (R* =
0.85), which supports the reliability of these estimates. Given SSccy lower
temporal resolution and relatively larger calculation uncertainties, SS.4 is
adopted for subsequent analyses.

The high SS observed in orographic clouds over this region can be
attributed to large-scale circulation patterns. As the Asian Water Tower, the
Tibetan Plateau receives abundant moisture from both the westerlies and
the southern monsoon®. During the GACPE-STP experiment, the South
Asian summer monsoon transported moisture-laden air from the Bay of
Bengal of the Indian Ocean northward to the southern slope of the plateau.
As these air masses ascended the terrain, they cooled adiabatically, with
strong upward motion and abundant moisture supply enhancing the SS
source term"'. Simultaneously, the low aerosol concentration in this region™
reduced the SS sink term. These factors contributed to the high SS observed
in the STP orographic clouds. This interpretation is supported by Figure S2
in Supplementary Information, which shows the average 700 hPa three-
dimensional wind field and relative humidity distribution from ERA5
reanalysis over the STP during the experiment period. Additionally, the
direct measurement of updraft velocity (w) provides strong supporting
evidence for the reliability of the calculated SS.4 values. Figure S3 presents
the correlation between the directly measured w and SS,4 as well as the
correlation between the ratio of w to aerosol number concentration (w/N,)
and SS. The w was measured at 103 m above ground level using a three-
dimensional scanning Doppler wind lidar (Wind3D 10k, LEICE Inc.). The
observed positive correlations between w and SS, and between w/N, and
SSp further support the reliability of the SS, estimations.
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Fig. 2 | Impact of high water vapor super-
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High supersaturation compensates for limited aerosol activation
efficiency

The question addressed in this section is how high SS affects the activation
process of weakly hygroscopic aerosols in this region. The ability of aerosol
particles to activate and form cloud droplets depends not only on their
inherent activation potential, such as particle size and «, but also on the
ambient SS. The relationship between these three factors can be described by
the x-Kohler equation”,

443 1/3
Dyo= |y @
27xIn* (1 + $5/100)

where D, represents the critical dry activation diameter of the aerosol, and
A can be considered a function of the absolute temperature. Figure 2a shows
the variation of D with x and SS, along with the observed PDFs of x and SS.
When SS is fixed, as x decreases, D, increases, indicating that fewer aerosols

in the given dry PNSD can activate to form cloud droplets. Conversely, when
« is fixed, D, decreases as SS increases, meaning more aerosols in the given
dry PNSD can activate to form cloud droplets. Therefore, high SS can
compensate for the increase in D, caused by weak , thus promoting aerosol
activation and cloud droplet formation.

The observed PDFs of x and SS together determine the theoretical
range of D, distribution within the dashed box in Fig. 2a. Figure 2b further
presents the observed PDF of D, and its occurrence probability across
different size ranges. The mean D, for aerosol activation in the STP oro-
graphic clouds is 156 nm, implying that, on average, aerosols with dry
diameters larger than 156 nm can activate to form cloud droplets during
STP orographic cloud formation. Notably, the probability of D,. being
smaller than 100 nm is 25%, and the probability of D, being smaller than
50 nm is 2%. This indicates that there is a 25% chance for aerosol particles in
the Aitken mode to activate and form cloud droplets, with a 2% chance for
aerosol particles smaller than 50 nm to participate in cloud droplet for-
mation. The observation further emphasizes the importance of studying the
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Fig. 3 | Impact of water vapor supersaturation on cloud microphysics. a Mean
values of cloud droplet number concentration (N(), effective diameter (D,), liquid
water content (LWC), droplet spectral dispersion (¢), cloud-to-rain autoconversion
rate (P,,,), and mean cloud extinction coefficient (f,) under different

supersaturation (SS) bins. b Mean cloud droplet size distribution under different SS
bins. L represents the lowest 33.3% of SS (Low SS), M represents the middle
33.3-66.6% range of SS (Median SS), H represents the highest 33.3% of SS (High SS),
and ALL represents all range of SS (ALL SS).

physicochemical properties and activation behavior of Aitken mode aero-
sols in the STP region. Local anthropogenic emissions'” and new particle
formation events*** may contribute to the formation of Aitken mode
aerosols, which could participate in cloud and precipitation processes,
thereby impacting regional weather and climate. Additionally, in the STP
region, strong upward motion not only generates high SSbut also induces its
rapid fluctuations. The kinetic effect may enable small aerosol particles to
overcome equilibrium limitations*® and contribute to cloud droplet for-
mation. Such a non-equilibrium activation process could have a significant
impact on the microphysical processes of STP orographic clouds.

Supersaturation impact on cloud microphysics
We further examined the impact of SS on cloud microphysics by cate-
gorizing SS into three distinct ranges. The first bin represents the lowest
33.3% of SS values (Low SS), the second bin corresponds to the middle
33.3%-66.6% range (Median SS), and the third bin encompasses the
highest 33.3% of SS values (High SS). The mean SS for each bin is 0.14%,
0.26%, and 0.69%, with corresponding standard deviations of 0.03%,
0.06%, and 0.31%, respectively. Each bin contains 96289 CDSDs. The
mean cloud microphysical properties were subsequently calculated for
each SS bin and for all CDSDs, including N, cloud droplet effective
diameter (D,), liquid water content (LWC), droplet spectral dispersion
(&), cloud-to-rain autoconversion rate (P,,;,), and mean cloud extinction
coefficient (). The formulas used to derive these quantities are provided
in the Methods section. The calculated mean values of these properties in
the orographic clouds within one hour after cloud formation during the
GACPE-STP experiment are as follows: Nc=124 cm ™, D,=89 pm,
LWC=0.023gm™, £=0.33, P,,;, =256 x 107 g cm™ s7', and
B.=8.0km™", which correspond to the microphysical properties labeled
as ALL in Fig. 3a.

The distributions of cloud microphysical properties across different S§
bins are shown in Fig. 3. As SS increases, D, decreases, leading to more
aerosols activating into cloud droplets and resulting in an increase in N¢.

However, the rate of increase in mean N is not proportional to the increase
in mean SS across the bins. Compared to the first bin, the mean SS in the
second bin increases by 86%, while the mean N¢ increases by 31%. From the
second to the third bin, the mean SS increases by 165%, but the mean N¢
rises by just 5%. This discrepancy may arise because aerosols act as a sink for
SS, and at higher SS, N, tends to be lower'"*’. The mean N,, for the first,
second, and third bins are 1035 cm >, 704 cm >, and 454 cm >, respectively.
Consequently, although higher SS enhances the fraction of aerosol activa-
tion, the lower N, limits the increase in mean N¢. With increasing SS, the
condensation growth of cloud droplets accelerates, leading to increases in
both the volume mean diameter (not shown) and D,. Higher SS promotes
both droplet activation and condensational growth, resulting in increases in
LWC and ¢. As shown in Fig. 3b, with increasing SS, the CDSD broadens
toward higher number concentrations and larger droplet sizes, resulting in
an upward and rightward shift of the CDSD. The CDSD broadening sig-
nificantly enhances P,,,,, with the mean P,,,,, in the third bin being 67 times
that of the first bin, indicating an increased probability of cloud droplet
collision and precipitation formation under higher SS conditions. It should
be noted that P,,,, only represents the probability of droplet collision and
coalescence processes within the cloud. Due to the lack of direct pre-
cipitation measurements, it is difficult to determine whether the observed
changes in microphysical properties under high SS conditions actually lead
to real precipitation formation. Additionally, f3, increases with SS, with the
mean f3, in the third bin being 2.4 times that of the first bin. Assuming
constant cloud thickness, higher SS results in stronger cloud reflectivity of
solar shortwave radiation, thereby enhancing the cloud cooling effect.
Furthermore, the persistent and strong updrafts during the South Asian
monsoon in the STP region sustain high SS conditions, theoretically
favoring the formation of thicker cloud layers and even stronger shortwave
radiative cooling. It is important to note that while higher SS leads to
increased N and enhanced cloud radiative cooling, this is fundamentally
different from the Twomey effect'’*", as both D, and LWC increase with
rising SS.
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Fig. 4 | Schematic diagram of supersaturation formation and its impacts on cloud microphysics in STP orographic clouds.

In addition, we examined the impact of different binning methods on
assessing the relationships between SS and cloud properties by dividing the
SS range of 0-1% into 10 equal intervals (0.1% increments). Results are
shown in Fig. S4 of the Supplementary Information. Overall trends are
largely consistent with those in Fig. 3 based on three SS bins. However, some
discrepancies are noted. For instance, D, increases continuously with SS in
Fig. 3, but in Fig. $4, it first increases and then slightly decreases. This may be
due to enhanced aerosol activation at higher SS, resulting in smaller droplets.
The differences stem from the binning approaches: equal sample sizes in Fig.
3 vs. equal SS intervals in Fig. S4, which can influence the assessment of SS
and cloud property relationships.

Discussion

The Tibetan Plateau, often referred to as the Asian water tower, plays a
crucial role in the regional water cycle and climate change. However, current
studies on the cloud characteristics of the Tibetan Plateau primarily rely on
satellite remote sensing, with in-situ observations remaining limited,
resulting in a restricted understanding of the cloud microphysical
mechanisms in this region. To address this gap, we conducted the GACPE-
STP experiment on the southern slope of the Tibetan Plateau, focusing on
aerosol-cloud-precipitation interactions. This study, based on extensive
microphysical observations of orographic clouds obtained during the
experiment, combined with aerosol and CCN measurements, estimates the
distribution of water vapor supersaturation in clouds and investigates the
impact of SS on aerosol activation and cloud microphysical properties.
Figure 4 illustrates the formation of SS and its effects on cloud microphysics
in the STP topographic clouds.

Wang et al.”* found that the aerosol activation ability in this region is
weak. However, a large number of orographic clouds were observed during
the GACPE-STP experiment, suggesting that the region may have favorable
dynamical conditions for cloud formation and high SS. Using two indirect
methods for calculating SS, the dry PNSD combined with x and CDSD, and
the Neen(SS) combined with CDSD, both reveal relatively high SS in the
orographic clouds, with the SS values obtained from both methods showing

a strong positive correlation. The range of mean SS variation for the 135
cloud cases is between 0.1% and 1.27%, with the average SS of all clouds
being 0.36%, which is higher than that of marine clouds™***** As the air mass
rises, adiabatic cooling causes a decrease in temperature, which lowers the
saturated vapor pressure (e;). When e; drops below the actual vapor pressure
(e), SS occurs. The cooling of the moist air mass lifted by the topography of
the Tibetan Plateau, combined with abundant moisture from the South
Asian monsoon, is the main reason for the high SS in the STP orographic
clouds. Differences in water vapor content and dynamic conditions of the air
mass cause variations in SS within the clouds.

The S8, together with particle size and «, determines whether particle
can activate into cloud droplet. High SS can overcome weak «, promoting
aerosol activation into clouds. On average, when orographic clouds form in
this region, dry aerosols with diameters greater than 156 nm can activate
into cloud droplets. Notably, there is a 25% chance that aerosols from the
Aiken mode can participate in cloud droplet activation when orographic
clouds form, and even a 2% chance that aerosols smaller than 50 nm can
participate in cloud droplet activation. Therefore, in high SS environments,
the aerosol activation efficiency is enhanced, which may amplify the aerosol
indirect effects of the ultrafine particles from new particle formation and the
anthropogenic emissions. Moreover, high SS significantly changes the cloud
microphysical characteristics. Increased SS results in more and larger cloud
droplets, higher LWC, and a broader CDSD, which may enhance the
probability of cloud droplet collision, precipitation formation, and the cloud
cooling effects. The enhanced cooling effects of the STP clouds could
influence the atmospheric circulation driven by the plateau thermal effects,
such as the monsoon intensity, thereby affecting water vapor transport and
the distribution of precipitation over the Tibetan Plateau and surrounding
regions.

To the best of our knowledge, our findings provide the first observa-
tional evidence of high SS in the topographic clouds on the southern Tibetan
Plateau during the South Asian summer monsoon. The high SS promotes
the activation of aerosols with weak hygroscopicity, particularly Aitken-
mode aerosols, into cloud droplets, significantly altering the cloud
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microstructure and subsequently modulating cloud-precipitation and
cloud-radiation properties. Future studies should prioritize understanding
the coupled interactions between aerosols, cloud dynamics, and cloud
microphysics under such high SS conditions to quantify their regional cli-
matic implications. Specifically, the sensitivity of cloud microphysics to
aerosol properties under cloud dynamical constraints, and its influence on
regional aerosol indirect effects, will constitute a focus of our subsequent
research within the framework of the GACPE-STP experiment. Further-
more, integrating these micro-scale mechanisms into models is essential for
evaluating how changes in cloud radiative cooling and precipitation over the
southern Tibetan Plateau influence Asian monsoon dynamics and hydro-
logical extremes under warming scenarios. However, it is important to note
that there may be complex feedback, where the effects of cloud precipitation
and radiative forcing on the South Asian monsoon could, in turn, influence
cloud properties over the Plateau and surrounding regions. Recent changes
in the South Asian summer monsoon have decreased total cloud cover over
the Tibetan Plateau”, and this intricate feedback mechanism warrants
further investigation.

Methods

Experiment and data

The GACPE-STP experiment was conducted at Yadong County (27.42° N,
88.90°E, 3136 ma.s.l.), situated on the southern slope of the Tibetan Plateau,
from August 17th to October 18th, 2023. A detailed description of the
experiment can be found in Wang et al.”. Here, we focus on the observa-
tional instruments and data methods employed in this study.

The Fog Monitor (FM, model 120; DMT Inc.) was used for in-situ
measurement of CDSD in orographic clouds, covering a size range from
2 to 50 pum, with a sampling frequency of 1 Hz. Prior to the experiment,
the FM120 was calibrated for droplet size using standard particles.
During the experiment, the FM120 was positioned at the windward
slope edge of the observation site, ensuring an unobstructed view in
front of the sampling inlet. The CCN Counter (CCNC, model 200; DMT
Inc.) measured the Nocn under different SS conditions. Nine distinct SS
levels were cycled in CCNC: 0.07%, 0.1%, 0.15%, 0.2%, 0.3%, 0.4%, 0.5%,
0.6%, and 0.7%, with each SS cycle lasting approximately 1 hour. Prior to
the experiment, the SS within the cloud chamber was calibrated using
ammonium sulfate, following the procedures outlined in Rose et al.”.
During data processing, the correction methods from Wang et al.”” and
Tao et al.”* were applied to exclude unactivated particles from the CCN
measurements. The Scanning Mobility Particle Sizer (SMPS, model
3938L50; TSI Inc.) was utilized to measure the dry PNSD over a size
range of 18.8 to 685.4 nm, with the distribution divided into 101 bins. A
full PNSD scan was conducted every two minutes. The All-sky Cloud
Imager (CSI, model 50; KEYTEC Inc.) was used to capture cloud ima-
gery in both visible light during the day and infrared during the night,
providing data on cloud fraction. The measurement uncertainties
should be acknowledged. The uncertainty in the dry PNSD measure-
ments is within 10%°'. Regarding the SS setting in CCNC, Gysel and
Stratmann® reported that an achievable accuracy is about 10% (relative)
at SS>0.2% and less than 0.02% (absolute) at the lower SS levels. FM
sampling efficiency showed particle losses typically below 10% for
droplet diameters up to 10 pm, with losses increasing progressively for
larger droplets™.

Cloud microphysical parameters calculating and cloud case
identifying

The N¢, mean droplet diameter (D,,,), D,, LWC, € were calculated from the
CDSD using the following equations:

Ne=)Y n 3)

D3
De — Z nl 12$ (5)
Z n;D;
3
LWC = ﬂpwz6niDi (6)
S, 0-D,\
_m @)
Dm

where n; and D; are the number concentration and diameter of the ith bin
droplet in CDSD, respectively. Furthermore, the P,,, can be calculated
based on the aforementioned cloud microphysical quantities,

Po = HENG'LWC {1 — exp| — (103 x 101N 2Lwe?) | }
(8a)

(8b)

(1 +3¢2) (1 +4¢2) (14 5¢2)1°
ﬁ“{ (1+e)(1+2¢?) }

where k equals to 1.1 x 10'°g™> cm® s, and y is an empirical constant set to
2, as referenced by Liu et al.”. A larger P,,,;, indicates a stronger cloud-to-
rain autoconversion, suggesting a higher probability of droplet collision and
coalescence processes leading to precipitation formation within the cloud.
Additionally, the ratio of cloud optical thickness™ to cloud thickness
represents the mean cloud extinction coefficient (f.), which can be
expressed as,

3LWC
e = D

e

(©)

A larger S, indicates a stronger ability of the cloud layer to reflect solar
shortwave radiation per unit thickness.

A CDSD is classified as in-cloud when both Nc>10cm™® and
LWC=0.001 gm are simultaneously satisfied*”". A cloud case is defined
as a period lasting more than 10 minutes, during which at least 50% of the
minutes contain droplets meeting the in-cloud criteria™. A gap of at least
10 minutes is required between two cloud cases. Based on these criteria, a
total of 145 orographic cloud cases were identified, encompassing over 1.15
million CDSDs with a cumulative duration of 320 hours. Among these 145
cases, 65 cases lasted longer than 1 hour, with the longest case reaching
28 hours. In this study, only data from the first hour after cloud case for-
mation were analyzed. Prolonged cloud periods are more likely to undergo
non-adiabatic processes, such as advection and sedimentation, which can
alter the PNSD and CDSD and compromise the reliability of SS calculations.

Methods for calculating supersaturation

Cloud droplets form when aerosols activate under specific SS conditions.
Given aerosol and cloud droplet characteristics, SS can be estimated from
activation theory. As shown in Fig. 5, two methods were employed in this
study to indirectly calculate SS. The first method utilizes simultaneously
measured dry PNSD and CDSD, combined with the x parameterization
during the experiment provided by Wang et al.”®, to derive the effective SS
(SS.p. Since particle size has a greater influence on activation than chemical
composition™, larger aerosols can activate into cloud droplets at a given SS,
whereas smaller aerosols grow hygroscopically without activating, forming
unactivated haze. Based on the x-Kohler equation, the critical droplet
activation diameter (D,) corresponding to a dry aerosol diameter (D) can
be determined,

1
> n,D; 3xD,*\?
D, =& 4 D, =(—/4< (10)
" @ T\
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Fig. 5 | Schematic diagram of two supersaturation
calculation methods. a SS.4 b SScen-
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By iteratively decreasing D,; from larger to smaller sizes, both dry PNSD
and CDSD are integrated from D, and D, as the lower limits, respectively.
The corresponding D,; and D, are obtained when the two integrals become
equal. Subsequently, SS.y is calculated using the inverse relationship
between D, and critical §5%,

200A
3D

Sy = an

c

Due to the generally high SS, D, is smaller than the FM measurement
limit of 2 um in most cases. In these situations, Dy, is determined by inte-
grating the dry PNSD in reverse until it equals the observed N, and SSis
calculated using Eq. 2. This approach neglects activated droplets smaller than
2 um, leading to an underestimation of S, Additionally, the upper limit of
the dry PNSD is constrained to 685.4 nm by the SMPS measurement range,
which results in an underestimation of CCN larger than this threshold and
consequently leads to an overestimation of SSe To assess the bias, data from
10 randomly selected cloud cases (Case IDs: 15, 28, 30, 65, 76, 117, 119, 134,
140, and 142) were analyzed, with the results presented in Figure S5 of the
Supplementary Information. Assuming that activated droplets smaller than
2um account for 10% (20%) of N, the case-averaged SS, would be
underestimated by 3.0% to 8.5% (5.9% to 17.8%), with mean underestimation
of 56% (11.2%) in relative. Conversely, if aerosols larger than 685.4 nm
contribute 1% (2%) of the total N, SS.4would be overestimated by 2.3% to
6.7% (4.6% to 13.4%), with mean overestimation of 4.4% (9.0%) in relative.

The second method estimates SSccy using simultaneously observed
Noen(SS) and N¢. The CCNC cloud chamber generates a controlled SS
along its centerline, allowing ambient aerosols to grow in the supersaturated
environment, where the concentration of activated droplets, Nccys is
measured. By cycling through different SS levels, the relationship between
Ncen and SS can be obtained, typically following a power-law function'’.
SScenis calculated through linear interpolation by equating the observed N¢
with Noen(SS). Given that a complete SS cycle takes about one hour, the
hourly averaged Nccn(SS) is used for interpolation, introducing potential
bias into SSccy estimation. Additionally, at low SS levels, the accuracy of SS
within the cloud chamber diminishes. At high SS levels, the D, may fall
below the 2 pm detection limit of the FM, and interpolation becomes
infeasible when SS exceeds 0.7%. These factors affect the absolute accuracy
of SScen but have a less impact on its relative trends. Therefore, this study
uses the positive correlation between SSccy and SS.4 to validate the relia-
bility of S while all analyses concerning absolute SS values are based on
SS4 rather than SScen-

Data availability
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