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Opposing comparable large effects of fine aerosols
and coarse sea spray on marine warm clouds

Fan Liu, Feiyue Mao'2, Daniel Rosenfeld?3, Zengxin Pan 23% | in Zang4, Yannian Zhu® °°®, Jianhua Yin'! &
Wei Gong?*

Fine aerosols, by acting as cloud condensation nuclei, suppress rainfall and enhance the
albedo and coverage of marine warm clouds, thereby partly counteracting the greenhouse-
induced warming. While this is relatively well documented, the co-existing opposite effects of
giant cloud condensation nuclei from coarse sea spray aerosols are poorly quantified. Here,
satellite measurements show that the effects of coarse sea spray aerosols have comparable
magnitudes with opposite sign to those of fine aerosols. For fixed cloud liquid water path and
coarse sea spray aerosols, increasing fine aerosols decreased rainfall flux and cloud drop
effective radius by a factor of 1/4 and 40%, respectively. Conversely, for fixed fine aerosols
and cloud liquid water path, added coarse sea spray aerosols enhanced rainfall flux and cloud
drop effective radius by a factor of 4 and 35%, respectively. These large and contrasting
effects are independent on meteorological conditions. These processes must be fully incor-
porated into climate models to faithfully represent aerosol effects on clouds, precipitation,
and radiative forcing.
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arm clouds generally cover one-third of the global

oceans and are crucial to Earth’s radiation balancel:2.
Aerosols are the most important factors for regulating
warm cloud microphysics and coverage by serving as cloud
condensation nuclei (CCN)3. A higher number of CCN produces
more numerous and smaller cloud drops (Twomey effect)?,
suppresses warm rain by decreasing the collision-coalescence
efficiency, increases cloud cover (cloud lifetime effect)>°, possibly
enhances the cloud-top evaporation and dry air entrainment’,
and eventually affects the precipitation and Earth’s radiative
balance®8. However, much uncertainty remains about the CCN
effects on warm clouds. Previous studies found a decrease in
rainfall rate from warm clouds®!0 with added aerosols by acting
as CCN, while other studies showed warm rainfall enhancements
due to the aerosol convective invigoration effect!!. Aerosols can
also delay the time of rainfall onset!?, increase the height of rain
initiation'314, or reduce the rainfall area of warm clouds’.

In contrast, added giant CCN (GCCN) lower cloud base
supersaturation and deactivate parts of the small CCN spectrum,
reducing cloud drop concentrations and enhancing warm
rain!>16, The GCCN can also accelerate warm rain initiation by
larger initial cloud drop size!’-20, Numerous model studies
supported that GCCN enhance warm rain production albeit with
inconsistent magnitudes!821.22. However, other model studies
have shown that GCCN have a very small or even negligible
impact on warm rain initiation!%23, Observational studies for
GCCN are very limited due to the difficulties in GCCN mea-
surement, and they tend to support the GCCN enhancement of
warm rain?!2425_ The above review shows that the effect of giant
CCN (GCCN) from sea spray is still poorly quantified because it
is difficult to measure and always co-exists with fine aerosols. This
situation probably led to an underestimation of the effects of fine
aerosols as well, although both physical processes are relatively
well documented.

Additionally, cloud properties are determined by both
meteorology and aerosols, and therefore must be
disentangled?-28. Yang et al.2 found that the wind speed is a
major driver of the aerosol-cloud relationship over the mid-
latitude oceans, because increasing wind speed enhances the
emission of sea salt, evaporation rate, and transportation of water
vapor into clouds. Chen et al.3 observed a positive correlation
between liquid water path (LWP) and aerosols under moist and
stable conditions, while changing to a negative correlation when
environmental conditions are dry and unstable due to the
aerosol-enhanced entrainment. Rosenfeld et al. found that when
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meteorological conditions are fixed, CCN can explain almost
three-fourths of the variation in the radiative cooling effect of
clouds, which is much stronger than in previous studies without
the isolation of meteorological effect. This is supported by natural
experiments such as volcanoes, industrial plumes and ship
tracks?8, where similarly large indicated aerosol effects were
accompanied by minimal meteorological variability. The
meteorological co-variability with aerosols presents great chal-
lenges in evaluating and quantifying the aerosol effect on warm
clouds and precipitation.

To address the questions above, as far as we know, we provide
the first quantification of the combined effects of fine aerosols as
CCN and coarse sea salt aerosols (CSA) as GCCN on cloud
microstructure and warm rain after isolating the influence of
meteorological factors. The focus of this research is on the oceans
within the coverage of the METEOSAT Second Generation
geostationary satellite from 50° W to 50° E and 30° S to 30° N and
covers March 2014 to December 2017. The rainfall was obtained
from the dual-frequency radar (DPR) onboard the Global Pre-
cipitation Mission satellite (GPM). Aerosols were obtained from
the MERRA-2 reanalysis data. Please see more details in the
“Methods section”.

Results

Aerosol-driven warm rain variations at a fixed liquid water
path. In general, warm rainfall over ocean is much more frequent
than over land30. Previous studies indicate the differences in
thermodynamic conditions (e.g. Bowen ratios®!, updraft3233)
play a critical role in the land-ocean warm rain contrast. For
example, the lower updraft over ocean than over land allows more
time for droplets’ coalescence process, and may therefore pro-
mote the formation of warm rain. However, even with a similar
meteorology3!-32, the much more frequent occurrence of warm
rain over ocean than over land still exists. Here, we hypothesize
that the abundant oceanic warm rain may be greatly contributed
by the unique nature of fine aerosols and coarse sea salt aerosols
over ocean.

Aerosols affect rainfall by influencing cloud properties3*. As
shown in Fig. 1a, larger cloud drop effective radius (r.) and LWP
produce a larger rainfall flux. This trend means that r, and LWP
control the rainfall with highly positive correlations. Since the
atmospheric vertical thermodynamic profile determines cloud
base height, temperature, and vertical development, the LWP
captures much of the meteorological variability?. Thus, fixing
LWP can help to separate the combined effects of meteorological
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Fig. 1 Combined effects of cloud drop effective radius (r.) and cloud liquid water path (LWP) on the rainfall flux. a The rainfall flux (including both
rainfall and non-rainfall cases) from GPM DPR is a function of MSG CLAAS r. and LWP. The color indicates the average rainfall flux. The minimum sample
size for each bin is 10. The gray lines represent the contours of the rainfall flux that are indicated as different colors. The black line connects the dots, which
are the averaged LWP at eleven bins of r,, including the 0-5%, 5-15%, 15-25%, 25-35%, 35-45%, 45-55%, 55-65%, 65-75%, 75-85%, 85-95% and
95-100% quantiles. b The rainfall flux (averaging both rainfall and non-rainfall cases) changes with r. at constant LWP bins. Vertical error bars indicate the
standard error calculated by the standard deviation divided by the square root of the sample size.
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Fig. 2 Aerosol-driven cloud drop effective radius (r.) and rainfall variations for fine aerosol (top) and coarse sea spray aerosols (CSA) (bottom)
concentrations at constant cloud liquid water path (LWP) bins. Shown are a r,, b rainfall frequency, and ¢ flux variations (including both rainfall and non-
rainfall cases) driven by fine aerosols. The d-f are the same as a-c¢, but for CSA. The color lines connect the dots, which are the averaged r,, rainfall
frequency and flux at eleven bins of fine (a-¢) and CSA (d-f) aerosol concentrations, respectively, including the 0-5%, 5-15%, 15-25%, 25-35%, 35-45%,
45-55%, 55-65%, 65-75%, 75-85%, 85-95%, and 95-100% quantiles. Vertical error bars indicate the standard error.

factors. At a fixed LWP bin, the rainfall flux increases by an
average factor of 20 with r, increasing from 10 to 30 um (Fig. 1b).

The responses of warm rain to aerosols differ with aerosol
types, such as CCN and GCCNZ21:35, Figure Sla shows that the
overall negative relationship of fine aerosol with warm rainfall is
weak, while CSA is associated weakly positively with rainfall flux
(Fig. S1b). Aerosol optical depth (Fig. Slc) is also weakly
correlated with rainfall flux, as it is poorly related to CCN due to
the co-variation with meteorology and observation limitation3°.
Pan et al.1637 showed that fine aerosol from MERRA-2 can be
considered as a good proxy of CCN, and it can strongly enhance
the convective mixed-phase rainfall, especially over land. It
implies that the rain suppression by fine aerosols should be
stronger than indicated in Fig. Sla. The contradiction of weak
effects of fine aerosols on warm rain over ocean is hypothesized to
be attributed to the offsetting effect of CSA.

We divided the data into different LWP bins and checked how
fine aerosol and CSA could affect warm rainfall (Fig. 2). The
lowest and highest bins indicate the 0-5% and 95-100% quantiles
of aerosol concentration under the fixed LWP condition, and
subsequent lowest and highest bins are defined similarly. The
findings show that r, largely decreases with added fine aerosols.
The average reduction of r. is 9.3+1.6 um (mean * standard
deviation) when fine aerosols increase from lowest to highest
bins, with a maximum reduction of 12.2 pum occurring at the
LWP bin of above 420 gm~2. After fixing LWP, fine aerosol
inhibits the rainfall frequency with an average reduction of
0.18+0.10 and suppresses the rainfall flux by a factor of
0.56 + 0.32. This suppression effect becomes weaker under higher
LWP. In contrast, the effect of CSA was a slight increase in . and
rainfall. Fine aerosols have a positive correlation with CSA, as
shown in Fig. S2. Therefore, the contrasting effects of fine aerosol
and CSA aerosols partially offset each other’s influence, resulting
in an apparent weak observed sensitivities of warm rainfall to

aerosols. To separate the effects, we next analyze the effects of fine
aerosols for fixed CSA and vice versa.

Isolate effects of fine aerosol and CSA on warm rainfall. Con-
sidering the co-variation between different types of aerosols, we
quantified the effects of fine aerosol and CSA after fixing the other
aerosol type, respectively. The average reduction of r, with the
increasing fine aerosol is 11.4+0.9 um (Fig. 3a), which is larger
than the general result (9.3 +1.6 um) mixed with CSA (Fig. 2a).
Similarly, the suppression effect of fine aerosol was evident in the
rainfall frequency and flux after fixing CSA. Additionally, the
rainfall frequency and flux decrease almost linearly with fine
aerosol, and are gradually stabilized after 2 pg m—3 (Fig. 3b, c). After
fixing fine aerosol, a much stronger enhancement effect of CSA on
warm rainfall properties (Fig. 3d, f) is revealed with respect to the
general results mixed with fine aerosol (Fig. 2d, f). Similarly, the r,
continuously rises with the increasing CSA with an average incre-
ment of 8.3+ 1.1 um compared to 0.9 + 0.6 um without the fixed
fine aerosols (Fig. 2d).

To account for meteorological variability that controls mainly
the vertical development of clouds, the results in Fig. 3 are further
divided into 3 bins of fixed LWP and plotted as Figs. 4 and 5. For
fixed LWP and CSA, increasing fine aerosol from lowest to
highest concentration bin (0.48 pg m—3 to 6.59 ug m—3) decreases
rainfall flux by an averaged factor of 1/4 (i.e., 0.26 + 0.13; Fig. 4
and Table S1). In contrast, for fixed LWP and fine aerosol,
increasing CSA from lowest to highest concentration bin
(8.23ugm™3 to 7546 ugm~3) increases rainfall flux by an
averaged factor of 4 (i.e., 4.02+2.15; Fig. 5 and Table S2). The
effects on r, were consistent with the effect on rainfall. The effects
on both r. and rainfall were larger for higher LWP as deeper
clouds can provide a greater range for aerosol-driven warm rain
variations.
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Fig. 3 Aerosol-driven cloud drop effective radius (r.) and rainfall variations for fine aerosol (top) and coarse sea spray aerosols (CSA) (bottom)
concentrations at the constant bins of another aerosol type. Shown are a r, b rainfall frequency, and ¢ rainfall flux (including both rainfall and non-rainfall
cases) driven by fine aerosol. The d-f are the same as a-c, but for CSA. The quantiles of the average for the 11 aerosol bins and vertical error bars are the

same as in Fig. 2.

Further, we stratified the analyses by correlated meteorological
parameters to disentangle aerosol-cloud effects from meteorolo-
gical variability (Fig. S3). The parameters include temperature
(850 hPa), specific humidity (850 hPa), vertical velocity (850
hPa), sea surface temperature, lower troposphere stability,
convective available potential energy (CAPE), and surface wind
speed. These results indicate that the rain suppression effect of
fine aerosol (Fig. S4-S10) and the comparable rain enhancement
effect of CSA (S11-S17) are independent of the meteorological
conditions. Especially, since CSA is highly and positively
correlated with surface wind speed (R=0.72), we stratified the
effect of sea spray by surface wind speed to separate the effects of
wind and CSA (Fig. S11).

When surface wind speed is fixed, the susceptibility (i.e., d(r.)/
dIn(CSA concentration)) of cloud and precipitation properties to
CSA is larger than the results without the fixed wind speed
(Fig. 3d, ), and becomes stronger with the increase in wind speed.
The average susceptibility of r, rainfall frequency, and flux to
CSA concentration are 3.80 + 1.27, 0.16 £ 0.07, and 0.030 + 0.012,
respectively, when the surface wind speed is not fixed (Fig. 3d, f).
However, the strongest susceptibilities of r, rainfall frequency,
and flux occur under the highest surface wind speed condition
with average susceptibility of 5.53+1.90, 0.31+0.11, and
0.066 +0.022, respectively. It may be attributed to the greater
vertical transportation of CSA during stronger surface wind
speed, thus facilitating a more effective interaction of CSA to
warm clouds.

The effects of fine aerosol and CSA on r,, rainfall frequency,
and flux offset each other on statistical average, but not for
individual realizations. Additionally, these large and contrasting
effects are independent on meteorological conditions. These
demonstrate that influence of GCCN cannot be ignored when
analyzing the influence of fine aerosols on warm clouds. CSA can
effectively weaken the precipitation inhibition caused by fine

aerosol. Our findings suggest that the effect of CCN on warm
precipitation was underestimated in previous studies because the
effect of GCCN was not considered®10:2.

Parameterization of warm rain variations driven by two
aerosol types. Inaccurate and incomprehensive parameterization
of aerosol-cloud interactions largely contributes to the uncer-
tainty of the climate models. To provide a reference for a para-
meterization that may be applicable in precipitation and climate
models, multiple regression is used to quantify the sensitivity of
warm rain to both fine and CSA aerosols. The multiple regression
for cloud or rainfall properties was calculated as a quadratic non-
linear function of fine aerosol, CSA, and LWP. The detailed
method for multiple regression is provided in Methods. The
results show that the observed ., rainfall frequency, and rainfall
flux are highly correlated with the predicted results based on the
multiple non-linear equations (R%Z=0.95, 0.93, and 0.92). The
coefficients of the regression equations are given in Table S3.
Figure 6 shows the predicted ., rainfall frequency, and flux at
fixed low, moderate and high LWP based on the multiple non-
linear regression model. The results show that the warm rain is
simultaneously suppressed by fine aerosol but enhanced by CSA.
For the same fixed LWP, r,, rain frequency and flux consistently
reach to the maximum under low fine aerosol and high CSA
conditions. Conversely, the minimum occurs under high fine
aerosol and low CSA conditions. Additionally, with the increment
of LWP, clouds become thicker, and r. and rainfall are
simultaneously enhanced. In general, the cloud properties
predicted by the multiple regression are in good agreement with
the observations (Figs. 4 and 5). Figure S18 shows the full
distribution of the cases, including the rare situations of high fine
aerosol but low CSA loadings, and low fine aerosol but high CSA
loadings. The extrapolation of the regression model at unpopu-
lated areas in the parameter space leads to some inconsistencies
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Fig. 4 Aerosol-driven cloud drop effective radius (r.) and rainfall variations of warm clouds for fine aerosol concentration under different constant
intervals of coarse sea spray aerosols (CSA) concentration and cloud liquid water path (LWP). The three columns represent low, moderate, and high
cloud liquid water path, respectively. Shown are r, (a-c), rainfall frequency (d-f), and g-i rainfall flux (including both rainfall and non-rainfall cases). The
color lines connect the dots, which are the averaged r,, rainfall frequency and flux at eleven bins of fine aerosol concentrations, including the 0-5%, 5-15%,
15-25%, 25-35%, 35-45%, 45-55%, 55-65%, 65-75%, 75-85%, 85-95%, and 95-100% quantiles. Vertical error bars indicate the standard error.

with the few actual cases there, as shown in the bottom-right and
top-left corners of each panel of Fig. 6.

Discussion

Many previous studies that evaluated the effects of aerosols on
precipitation did not consider the mixed effects of fine aerosol and
CSA%1021. The simulations of Dziekan et al.3> showed that the
strongest contribution of GCCN to precipitation occurs when the
CCN concentration is at low and moderate levels. Similar finding to
the above-mentioned model study is observed in our study. Fig-
ure 3e shows the enhancement of rainfall frequency caused by CSA
is stronger (enhanced by up to 0.4) when the fine aerosol con-
centration is low or moderate, and this enhancement becomes
weaker under the heavy fine aerosol condition, even decreased to
0.1 when fine aerosol concentration is beyond 3 ugm~3 (Fig. 3b).
At high fine aerosol concentration, the droplets formed by CCN are
extremely small, and they are difficult to be collected effectively by
the large cloud droplets formed on the GCCN3>.

Our results demonstrate that the effects of fine aerosol and
CSA on marine warm rain are opposite, comparable and
independent, and they tend to offset each other when both
aerosol types co-exist. The coexistence of fine aerosol and
CSA leads to the observed sensitivities of warm rainfall to
aerosols being falsely weak. Especially over ocean, the observed

regulation of fine aerosols on warm rain is underestimated due
to the co-existing abundant CSA. Therefore, the effects of fine
aerosol and CSA should be studied comprehensively and
independently.

Since the start of the industrial era, the emission of anthro-
pogenic aerosols has grown dramatically, including sulfate aero-
sol, black carbon, and organic carbon3. To mitigate aerosol
pollution, governments worldwide are taking actions to reduce
anthropogenic aerosol emissions®8. In response, most of the
projections indicate an obvious reduction in future anthropogenic
aerosols (the main parts of CCN). The sea salt, as a natural
aerosol type, is mainly influenced by sea surface wind and sea
surface temperature3®, may not change a great deal in the short
term, but the change with global warming remains uncertain.
Gettelman et al.#0 indicate that sea salt has a strong effect on
cloud feedbacks in future climate with the increasing wind speed
based on model prediction, mainly over the Southern Oceans.
While they suggested a negative radiative feedback due to sea salt
increasing cloud drop concentrations, the present study shows
that the added sea spray increases substantially the r. and hence
reduces respectively the cloud drop concentrations. This is
expected to incur a positive cloud feedback and thus contribute to
the climatic warming. Therefore, with possible less CCN and
uncertain CSA in the future, warm rainfall will probably occur
more frequently.
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Fig. 5 Aerosol-driven cloud drop effective radius (r.) and rainfall variations of warm clouds for coarse sea spray aerosols (CSA) concentration under
different constant intervals of fine aerosol concentration and cloud liquid water path (LWP). The three columns represent low, moderate, and high
cloud liquid water path, respectively. Shown are r, (a-c), rainfall frequency (d-f), and g-i rainfall flux (including both rainfall and non-rainfall cases). The
color lines connect the dots, which are the averaged r,, rainfall frequency and flux at eleven bins of CSA concentrations, including the 0-5%, 5-15%,
15-25%, 25-35%, 35-45%, 45-55%, 55-65%, 65-75%, 75-85%, 85-95%, and 95-100% quantiles. Vertical error bars indicate the standard error.

This study quantifies the effects of CCN and GCCN on warm
rainfall after isolating meteorological influence. The main con-
clusions are illustrated in Fig. 7 as follows.

(a) LWP dominates the formation and occurrence of warm
rain (Figs. 1 and S3). Fixing LWP to isolate the effect of
aerosols shows only a moderate fine aerosol effect
suppressing rain by an average factor of 0.56 + 0.32 (Fig. 2)
when adding fine aerosols from the lowest to the highest
observed concentrations. Adding CSA shows only a very
small rain enhancement.

(b) When isolating the fine and coarse aerosol effects, both
become much larger and comparable in magnitude but with
opposite signs (Fig. 3). When fixing coarse aerosols and
LWP, fine aerosol strongly suppresses rainfall flux by an
average factor of 1/4. The r. decreases by an average of
—9.2 um, or —40% (Table S1 and Fig. 4). Conversely, when
fixing both LWP and fine aerosol, CSA strongly enhances
rainfall flux by an average factor of 4. The r, increases by an
average of 5.3 um, or 35% (Table S2 and Fig. 5).

(c) Thicker clouds (larger LWP) have a larger response to
aerosols (Figs. 4 and 5). Fine aerosol decreases r. and
rainfall frequency by an average of —6.1 um and —7% for
shallow clouds (LWP<100gm™2), while the related
suppression reach —12.2um and —37% for thick clouds
(LWP > 220 g m~2). Additionally, the comparable effects to

warm rain are also observed from CSA but with
opposite signs.

(d) The effects of fine aerosol and CSA on warm rain are
opposite and comparable in magnitude, and they are
independent on meteorological conditions (Figs. S4-S17).
Moreover, at stronger surface wind speed the effect of
coarse aerosols on rain enhancement is larger, probably
because a stronger wind can transport CSA to higher
altitudes, thus facilitating a stronger interaction of CSA
with warm clouds (Fig. S11).

Isolating the large contrasting effects of fine and coarse
aerosols shows that much of their effects are often (but not
always) masked when they are averaged together. This explains
why these large effects have been underappreciated until now.
Moreover, abundant CSA over ocean increases the warm rain
supports the hypothesis that aerosol differences can explain
some of the land-ocean warm rain contrast. Additionally, the
influence of CCN and GCCN should be fully and independently
considered in climate models when quantifying the precipitation
and the indirect effects of aerosols. The quantitative information
given by our methods can be used as a reference for the para-
meterization of warm rainfall processes by CCN and GCCN. A
full consideration of the combined effect of fine aerosol and CSA
in global climate models is essential for improving future cli-
mate projections.
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Fig. 6 Parameterization of warm rain variations driven by fine aerosol and coarse sea spray aerosols (CSA) at fixed cloud liquid water path (LWP)
based on the multiple non-linear regression model. The three rows indicate the predicted aerosol-driven variations of r. (a-¢), rainfall frequency (d-f),
and rainfall flux (g-i) under different constant LWP conditions. The three columns represent the low, moderate, and high LWP conditions, which are equal
to 80, 160, and 320 g m~2, respectively. The gray dotted lines represent the contours of cloud or rainfall properties. The black dashed line indicates the
distribution of the aerosols, with the sample size of each fine aerosol and CSA bins above 10, as same as the black dashed line in Fig. S18a.

Methods

Data sources. Warm rain considerably influences tropical oceans and accounts for
nearly 100% of rainfall occurrence over large areas*!. The focus of this research is
the oceanic region from —50° W to 50° E and —30° S to 30° N. The study period
covers March 2014 (start time of precipitation data) to December 2017. As shown
in Table S4, the cloud and aerosol parameters were obtained from the METEOSAT
Second Generation (MSG) geostationary satellite and Modern-Era Retrospective
Analysis for Research and Application Version 2 (MERRA-2) reanalysis data,
respectively. The precipitation parameters were obtained from the Global Pre-
cipitation Measurement (GPM) Dual-frequency Precipitation Radar (DPR) dataset.
The MERRA-2 reanalysis data does not provide the convective available potential
energy (CAPE), which indicates the potential energy for cloud vertical develop-
ment. To make the source of meteorological data consistent, we got the meteor-
ological condition of water clouds based on the National Centers for
Environmental Prediction (NCEP) reanalysis data.

MERRA-2 aerosol data have five aerosol species: dust, sea salt, sulfates,
organic carbon, and black carbon*2. The long-term observed aerosol optical
depths (AOD) are assimilated in MERRA-2, such as Moderate Resolution
Imaging Spectroradiometer and Aerosol Robotic Network (AERONET)3°. The
speciation, size, and vertical distribution of the aerosol are constrained by the
Goddard Earth Observing System Data Assimilation System version 5 earth
system model. Additionally, sea salt and dust aerosols in MERRA-2 are mainly
dependent on assimilated surface wind speed*3. The other aerosol types (black
carbon, organic carbon, and sulfate) are mainly prescribed from updated
emissions inventories of both natural and anthropogenic sources*>. Previous
studies have validated the reliability of MERRA-2 aerosol data®344. Based on the
globally long-term comparison, the MERRA-2 and AERONET AOD have a
good agreement with an average correlation of 0.84, and it even reaches 0.93
over ocean3%43:44,

All data were initially matched at the spatial resolution of MSG Geostationary
Earth Radiation Budget (GERB; 9 x 9 km) to evaluate aerosol-driven radiative
forcing from oceanic warm clouds in future studies. MERRA-2 aerosol and NCEP
meteorology data were matched at a fixed time interval of the MSG CLoud
property dAtAset by using the SEVIRI product (CLAAS) based on linear
interpolation in time. The GPM DPR instantaneous observation was matched with
the interpolated aerosol, cloud, and meteorology data within a + 15 min timespan
of MSG observation time. The details are presented in Fig. S19.

Data selection and properties. All data were eventually averaged into 1° x 1° grids
as samples (Fig. S19). As this study focused on oceanic warm clouds, the samples
with only liquid-phase clouds and cloud top temperature (CTT) >265K were
selected. Also, the satellite cloud retrieval error caused by the large solar zenith
angle was avoided by selecting data between 8 and 16 o’clock local time. Addi-
tionally, surface clutter always prevents radar from observing near-surface pre-
cipitation, causing a large bias of rainfall rate observed by GPM DPR at near-
surface altitude®>. Here, the samples were rejected when cloud top heights at the
convective core area of the water cloud were less than 1.2 km, as physically rain
mainly occurs in the convective core area. The core area is defined as the water
cloud pixels with the highest 10% in cloud optical depth at a 1° x 1° grid, referring
to the study of Zhu et al.40,

The cloud parameters r. and LWP from MSG CLAAS data represent the
effective radius of cloud droplets and the total amount of liquid water from
cloud base to cloud top, respectively. Referring to the study of Zhu et al.4%, the
averaged r. and LWP over the convective core area within a 1°x 1° scene
(highest 10% of cloud optical depth) are used as the representative of cloud
properties of the 1° x 1° samples. The cloud at the convective core area is almost
adiabatic, which is relatively less influenced by the external environment
compared to the cloud edge’. Physically, rain should mainly occur in the
convective core area. Therefore, the samples that rain is detected by GPM DPR
at their core area are identified as rain samples. Here, rainfall frequency refers to
the proportion of rain samples to all available samples. Rainfall flux equals the
integrated rainfall rate from rain pixels divided by the number of total pixels in
the fixed 1°x 1° grid with the unit of mmh~L

Fine aerosol indicates the sum mass of aerosols with a radius below 1 pm,
including sulfates, organic carbon, black carbon, and fine sea salt, which is used as the
proxy of CCN. CSA indicates the mass of sea salt with a radius above 1 um, which is
used as the proxy of GCCN. The aerosol mass concentrations are obtained at the
surface level. Finally, we obtained 55652 available 1° x 1° samples that meet all the
conditions mentioned above. Their spatial distribution is shown in Fig. $20. The
samples included 16,443 rain samples and 39,209 non-rain samples.

Multiple regression for parameterization of aerosol-driven warm rain
variations. Appropriate parameterization of aerosol-cloud interactions is key
to the accurate simulation of the climate model. Here, we use the multiple
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Fig. 7 Conceptual representation of the comparable but opposite effects of fine aerosol and coarse sea spray aerosols (CSA) on the rainfall of marine
warm clouds. The averaged r. and rainfall of shallow (low LWP) and thick (high LWP) warm clouds are characterized at different fine aerosol and CSA
conditions, including (a, b) low and high fine aerosol concentrations at fixed both LWP and CSA concentrations, ¢, d low and high CSA concentrations at
fixed both of LWP and fine aerosol concentrations. The changes upon transition between states are marked by the arrows and the adjacent numbers. With
the added fine aerosols from low to high concentration (from a to b), the r., rainfall frequency, and flux are synchronously reduced by added drop
concentrations whatever the low and high CSA concentrations. In contrast, the added CSA from low to high concentration (from ¢ to d) activates the early
formation of large cloud drops and suppresses the activation of fine aerosols, thus simultaneously increases r., rainfall frequency and rainfall flux. Statistics
of averaged r. and rainfall of panels a, b were obtained from Fig. 4 and Table S1, while panels ¢, d were from Fig. 5 and Table S2.

regression method to parameterize the sensitivity of warm rain on both fine and
CSA aerosols. Multiple regression is a robust method to capture the statistical
relationship among multiple independent variables based on the non-linear fitting,
and has been widely used in aerosol-cloud interaction studies>°. The main steps are
summarized as follows:

(1) To isolate the interactions between fine aerosol and CSA, the r. of all cases
are separately divided into different independent fine aerosol and CSA bins.
The specific 9 bins of fine aerosol and CSA concentrations are 0-5%, 5-10%,
10-20%, 20-40%, 40-60%, 60-80%, 80-90%, 90-95%, and 95-100%
quantiles, respectively. To ensure the effective sampling of the data
observation range, we use the finer bin at high and low concentrations of
fine aerosol and CSA.

(2) Further, all cases are also divided into five LWP bins with equal sample size
to constrain the meteorological influence, including 0-20%, 20-40%,
40-60%, 60-80%, and 80-100% quantiles. Theoretically, we get 405
independent bins. To remove spurious results, only the bins with sample
sizes above 10 are incorporated into the regression.

(3) The bin-averaged r. is fitted as the function of fine aerosol, CSA, and LWP
based on multi-variates second-order fitting referring to the previous study>.
The coefficients and fitted regression equation are provided in Table S3. The
same processes are repeated for rainfall frequency and flux.

Data availability

Cloud data is obtained from MSG CLAAS (https://wui.cmsaf.eu/safira) provided by
EUMETSAT Satellite Application Facility on Climate Monitoring. Precipitation data is
obtained from GPM 2ADPR product (https://storm.pps.eosdis.nasa.gov/storm) provided
by NASA/Goddard Space Flight Center’s science team. Meteorology data is obtained
from NCEP FNL product (https://rda.ucar.edu/datasets/ds083.2) provided by National
Center for Atmospheric. Aerosol data is obtained from MERRA-2 reanalysis datasets
(https://gmao.gsfc.nasa.gov/reanalysiss MERRA-2) provided by the NASA Global

Modeling and Assimilation Office. The dataset containing all the relevant properties of
the main figures is in Supplementary Data.

Code availability
The computer codes used to analyze the data are available from the corresponding author
on request.
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