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Text S1:

The dg (the most influential meteorological variable as seen in Figure 1) and LTS
demonstrate non-linear relationships in EPCAPE. LWP initially increases with dg and then
declines. To understand this relationship, we first need to note that on hourly time scales
dq is determined by PBL moisture (q;000) rather than FT moisture (g700) (Figure S5a vs.
Figure S5b). Therefore, the positive dg-LWP relationship when dg is relatively small
(<0.007 kg/kg) is mainly due to the fact that increased PBL moisture favors larger LWP.
However, once dg surpasses this threshold, larger dg suggests enhanced entrainment drying
that outweighs moistening effects due to increased moisture sources, thereby depleting
LWP. Another important meteorological factor, LTS, also exhibits a non-linear
relationship with LWP, which increases with LTS first but declines at higher LTS values.
The positive relationship due to more moisture be capped in the PBL with stronger cloud-
top inversion (Bretherton et al., 2013), but the negative relationship at higher LTS values
warrants future investigation. These non-linear relationships highlight the greater
complexity of meteorological controls on LWP on hourly time scales compared to daily
time scales (Eastman et al., 2021; Zhang et al., 2024).

Text S2:

Previous studies suggested that aerosol-cloud interaction processes take hours to reach
equilibrium (~20 hours), i.e., lagged aerosol effects on cloud properties (Glassmeier et al.,
2021; Gryspeerdt et al., 2021; Qiu et al., 2024). Our findings above are based on
instantaneous relationships between aerosols and LWP. To explore the time dependence of
LWP sensitivities, we repeated the analysis from Figure 2b by leading Ns with 5, 10, and
20 hours, with others being equal. The results are summarized in Figure S10, showing that
LWP sensitivities are strongest when Ny has no leading time and gradually weaken as
leading time increases. However, it is important to note that EPCAPE observations are not
Lagrangian-based, making the leading aerosol influence on the current cloud properties
less realistic.



Text S3: Difference in slope definitions between this and previous studies

In our study, we use the slope dInLW Py, /dInN,, derived from SHAP analysis. Based on
Equations (1) and (2) in the main text, this slope relates to the partial derivative of LWP
w.r.t. Ny as follow:

OInLWP _ LWPy4 dInLW Py,
dlnN;,  LWP dInN,

) (1)

This formula shows that the SHAP-derived slope dInLW Py,;/dInN; approximates
0InLW Py, /0InN,; or the individual effect of Ny on LWP, when LW Py,; = LWP (i.e.,
when total meteorological contributions are small). In practice, the value of the slope
dInLW Py 4/dInN, in Figure 2b (-1.1) is found to be insensitive to sampling conditions
where LW Py, = LW P, supporting its interpretation as a robust estimate of the individual
aerosol effect. Additionally, when examining the dependence of the Ns-LWP relationship
on meteorological factors (Figure 3), we can also use dLW Py, /dInN, that is exactly equal
to ALWP /0InN; our conclusion still holds.

By contrast, previous studies (e.g., Hoffmann et al., 2024; Qiu et al., 2024) typically
computed the full derivative dInLWP /dInN,, sometimes stratified by cloud regimes or
one to two meteorological factors. Given that LWP depends on both N; and a set of
meteorological variables M; (including LTS, dq, RH749, @700, Qadv»> Tadv, LHF, and
Ui000), and Ny itself is also a function of M;, the full derivative of LWP w.r.t. N; can be
expanded via the chain rule as:

dinLWP  OlnLWP 28 olnLWP dM; @
i=1

dinN; _ 9dlnN, oM,  dInN,’

with

dM; (alnNd)‘l @)

dinN, _ \ oM,

Substituting Eq. (3) into (2) yields:

dlnLWP_alnLWP_I_zS dlnLWP (alnNd)‘1 .
dinN;  dlnN, i1 OM; oM, ' (4)

This decomposition shows that the full derivative combines the individual/direct effect of
N, and indirect effects mediated through meteorology. These meteorological influences
can partially offset the aerosol impacts. For instance, stronger surface winds may
simultaneously increase aerosols by enhancing surface aerosol fluxes and enhance LWP
via turbulent moistening, contributing a positive term to the second component in Eq. (4)
and thereby reducing the overall slope magnitude. As a result, our slopes derived from
partial derivatives tend to be more negative than those based on full derivatives, unless
their meteorological effects are reduced or controlled.
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Figures:
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Figure S1. Boxplots showing the differences in average (a) liquid water potential
temperature (A0,) or (b) total liquid water mixing ratio (Aq;) between the upper and the
lower 25 % of the sub-cloud layer. Both variables are calculated by assuming no liquid

water within the sub-cloud layers. Dashed lines in each panel indicate the coupling
thresholds, following Wang et al. (2016): the cloud layer is considered coupled with the
surface if AG;<1 K or Aq;<0.6 g/kg. The percentage shown in the upper left corner
represents the fraction of coupled cases based on temperature or moisture criteria alone.
In total, 76 % of the cases are coupled.
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Figure S2. Time series of (a) activated CCN number concentration, (b) total organics
mass concentration, (c) sulfate mass concentration, (d) ammonium mass concentration,
(e) nitrate mass concentration, and (f) chloride mass concentration, from the EPCAPE
main observation site. The gray lines show the hourly values, and the purple lines denote
the daily average. The chemical component mass concentrations are obtained from
aerosol chemical speciation monitor (ACSM) data.
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Figure S3. Validation of hourly variables either derived or directly obtained from ERAS
against EPCAPE observations: (a) lower-tropospheric stability (LTS), (b) moisture
contrast between the surface and 700 hPa (dg), and (c) relative humidity at 700 hPa

(RH700). In each panel, the diagonal line represents the one-to-one line. The numbers

from top to bottom represent: the correlation coefficient (r) between variables x and y,

root mean squared errors (RMSEs) between x and y, standard deviation from EPCAPE,

and standard deviation from ERAS5. The asterisk “*”” indicates that the correlation

coefficient is statistically significant at the 0.01 level. The colors depict scatter density,

varying across panels.
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Figure S4. Same as Figure 2b, but showing the relationship between each meteorological
factor (MF) and the LWP contributed solely by that MF (LWPwr). The colors indicate

scatter density, varying across panels.
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Figure S5. Relationship between hourly dg and (a) g 1000 or (b) g700. Correlation
coefficients and p-values are shown in each panel. The colors indicate scatter density,
varying across panels.
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Figure S6. Same as Figure 2b, but with data samples sorted into ten quantile bins based
on dg values. Panels (a—j) correspond to the first through tenth dg quantile bins. The gray
box in each panel highlights the N, range of 250—-800 cm™. The colors represent scatter
density, which varies across panels. The dashed line shows the best-fit linear regression
for the gray box region.
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Figure S7. Same as Figure S6, but data sampled are sorted by LTS.
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Figure S8. Same as Figure 3a, but for (a) RH700 and (b) w-q.
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Figure S9. Same as Figure 3d, but for (a) surface wind direction and (b) w¢. In panel
(a), zero degrees represent the north direction, and measurements are taken clockwise
from this point.
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Figure S10. Relationship between hourly LWPnq and Ny derived from EPCAPE
observations, with Ny leading by (a) 0 hours, (b) 5 hours, (¢) 10 hours, and (d) 20 hours.
The color bar indicates scatter density, varying across panels. The dashed line represents

the 15-um cloud-top effective droplet radius. The gray box highlights the N, range of
250-800 cm™. The sky-blue dashed line shows the best-fit linear regression for the gray
box region, with the slope and standard deviation provided.
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Figure S11. 24-hour backward trajectories that were run each hour from May 2023 to Jan
2024, initiated at 30 meters above the sea level on an isobaric surface. Trajectories were
calculated using the HY SPLIT model with wind fields from the global 1-degree GDAS

(Global Data Assimilation System) dataset. (a) Example of 15 oceanic trajectories
selected from late Nov 2023, originating at least 100 km offshore from Long Beach, CA
(to remove the influence from remote Los Angeles/Long Beach pollution sources). (b)
Example of 15 continental trajectories from the same period. Oceanic or continental
trajectories are defined as those that remain entirely over the ocean or continent,
respectively, throughout the 24-hour period. (c) and (d) Trajectory densities for all
oceanic (960 trajectories) and continental (475 trajectories) cases, respectively. The
numbers in panels (c) and (d) indicate the aerosol number concentration (Ng), specific
humidity at 1000 hPa (g000), and horizontal moisture advection (g.sv) observed at the
main observation site, averaged for airmasses originating from the ocean and continent,
respectively.
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Figure S12. Similar to Figure 2b, but with data samples sorted into (a) oceanic airmasses
and (b) continental airmasses, as identified in Figure S11. The color bar represents scatter
densities.
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Figure S13. Similar to Figure 2b, but with data samples sorted into (a) the first quantile,
(b) the second quantile, (c) the third quantile, and (d) the fourth quantile of planetary
boundary later height (PBLH). The color bar represents PBLH values. The values in the
lower left of each panel show the correlation between the two selected variables.
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