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Abstract. The cloud droplet effective radius is a key variable when evaluating the interactions between aerosols
and clouds. The activation of fine-sized sea salt from the ocean results in the formation of more but smaller cloud
droplets (reducing the effective radius) in marine stratocumulus. Coarse sea spray aerosols are generated for
high surface wind speeds and act as giant cloud condensation nuclei, which activate to form larger droplets. This
increases the effective radius and initiates precipitation. These high wind speeds also lead to enhanced moisture
fluxes from the ocean surface. Although the opposing impacts of wind-driven fine and coarse marine sea spray
aerosols have been documented, their observations have been limited to instantaneous satellite images. In this
work, a novel framework is introduced that uses short-timescale observations of the temporal evolution of clouds
to identify, isolate, and extract the process fingerprints of marine sea-salt and surface fluxes on stratocumulus
cloud properties. This method shows that changes in droplet size previously attributed to aerosol are actually
due to increases in evaporation from the ocean surface due to high surface wind speeds. However, when this
is accounted for, a clear impact of giant cloud condensation nuclei is observed, reducing cloud droplet number
concentrations by initiating precipitation in polluted clouds. By isolating the causal aerosol impact on clouds
from confounding factors, this method provides a pathway to improved constraints on the human forcing of
the climate, whilst also demonstrating how marine aerosols limit the effectiveness of anthropogenic aerosol

perturbations.

1 Introduction

Aerosols affect the Earth’s radiation budget directly by re-
flecting and absorbing incoming solar radiation, and indi-
rectly by acting as nucleation sites on which cloud droplets
form (Twomey, 1974; Bellouin et al., 2020). Indirect ef-
fects occur by changing existing or new cloud properties and
can have a cooling effect on global surface temperatures,
hence offsetting a large part of the greenhouse gas warm-
ing (Stocker et al., 2013). This is by modifying the cloud
reflectivity, both by affecting droplet size and by driving
time-dependent “adjustments” (Albrecht, 1989), modifying
the evolution of cloud properties (Glassmeier et al., 2021;
Fons et al., 2023; Gryspeerdt et al., 2022a). The effective ra-
diative forcing from aerosol-cloud interactions (ACI) is the
largest source of uncertainty in human forcing of the cli-

mate (Andreae et al., 2005; Bellouin et al., 2020). ACI con-
tributions are mainly due to the instantaneous Twomey ef-
fect (Twomey, 1974) which affects the cloud microphysical
properties, or due to adjustments to the cloud macrophysical
properties.

The adjustments of low clouds, such as marine stratocu-
mulus (MSC), to aerosol perturbations are crucial to the
Earth’s radiation budget (Slingo, 1990). There are significant
changes in the budget for even a small change in MSC cov-
erage and thickness, with even a 4 % increase in the global
area covered by low-level stratus clouds offsetting a 2-3 K
temperature increase from higher atmospheric CO; concen-
trations (Randall et al., 1984). Two key measures of the prop-
erties of clouds that affect its radiative properties and hence
the effect of MSC on the ocean albedo are the liquid water
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path (LWP, a measure of the total liquid water in a cloud),
and the cloud droplet number concentration (N4, a measure
of the number of droplets in a cloud).

The cloud droplet effective radius, r., is physically, the
area weighted mean of the cloud droplet size distribution.
For a constant LWP, an increase in aerosol concentration
(or cloud condensation nuclei, CCN) leads to an increase in
Ng and a decrease in re (Twomey, 1977). More numerous
smaller cloud droplets with a larger total droplet surface area
reflect more sunlight, leading to an increase in cloud albedo.
The decrease in r. can also modify the cloud macrostruc-
ture by suppressing precipitation (due to weakened collision-
coalescence between droplets) which causes both the LWP
and albedo to increase (Albrecht, 1989). On the other hand,
lower r. can also suppress in-cloud droplet sedimentation
and enhance cloud-top evaporative cooling which causes an
increase in turbulent entrainment of free tropospheric air. De-
pending on the humidity of the entrained air, this can lead to a
decrease or increase in LWP (Ackerman et al., 2004; Brether-
ton et al., 2007).

As well as the aerosol impact on cloud, cloud processes
(such as precipitation) can modify aerosol. These feedback
loops of processes that occur simultaneously are difficult to
unravel and are further dependent on different cloud and
meteorological regimes, complicating the identification of
causal aerosol impacts on cloud (Fons et al., 2023). There are
differences in the estimates of the climate effects due to ACI
from global climate models and observations. The accuracy
of the representations of these separate adjustment processes
in models is believed to be one of the reasons for this discrep-
ancy (Miilmenstadt et al., 2024a, b). This creates a require-
ment for strong observational constraints on cloud processes,
to ensure that models have accurate representations of ACIL.

There are multiple processes that can modify the cloud r,
either by changing the cloud Ny or by changing the LWP. A
key process via the Ny pathway is the additional activation
of cloud droplets on CCN from different sources. The ma-
rine aerosol population generally consists of aerosols gener-
ated from the ocean surface: sea-salt from the action of wind
stresses at the ocean surface (primary aerosols) and the emis-
sion of biogenic sulfur gases (dimethyl sulfide) which oxi-
dizes in the atmosphere to form sulfate aerosols (secondary
aerosols), aerosols entrained from the free troposphere, and
aerosols from anthropogenic sources (sulfates, black and or-
ganic carbon) and natural sources (dust) from the continent
that are advected to the marine boundary layer. The role of
sea spray aerosols is unique as the consequence of the ACI
can vary depending on the size of sea salt generated. The
cloud-top r. retrieved from satellite observations has system-
atically higher values over the ocean than over land which
has a higher fine anthropogenic aerosol (radii < 1 yum) con-
centration (Bréon et al., 2002; Kaufman et al., 2005).

Fine (radii < 1 um) and coarse (radii > 1 um) sea salt, both
mechanically generated by wind, coexist over the ocean and
form a significant part of the respective (fine and coarse)
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aerosol modes. It is well established that their generation and
subsequent concentrations and size distributions are strongly
related to the sea surface (10m) wind speeds. Perturbing
clouds with fine sea salt (FSS) would lead to a reduction in r,
thereby brightening clouds. However, coarse marine aerosols
(CMA), which are generated for surface wind speeds greater
than 4ms~! (Lehahn et al., 2010), act as “giant” CCNs and
have been hypothesized to enhance warm rain by accelerat-
ing the formation of larger cloud droplets (larger r.) (Lud-
lam, 1951; Feingold et al., 1999; Lasher-Trapp et al., 2001;
Rosenfeld et al., 2002; L’Ecuyer et al., 2009; Lehahn et al.,
2011; Jung et al., 2015). By triggering rain and reducing the
LWP, CMA can break up and hence reduce cloud reflectiv-
ity. However, other model studies have questioned this im-
pact, showing that this depends on the aerosol concentration;
CMA have a negligible impact on precipitation initiation in
clean clouds (Dagan et al., 2015), or no impact at all (Blyth
et al., 2013). More recent research (Liu et al., 2022, 2025)
suggests that there is an optimal combination which can ef-
fectively brighten clouds due to reduced r. and enhanced
cloud cover. Although it is not an anthropogenic aerosol, sea-
salt sets the background “unpolluted” state of the cloud, mod-
ifying the aerosol forcing. This makes it essential to correctly
represent fine and coarse marine aerosol in any model used
for future climate assessment.

The impact of different cloud adjustments to fine and
coarse sea salt has potential implications for geoengineer-
ing through marine cloud brightening (MCB). MCB delib-
erately injects clouds with aerosols (ideally seawater spray),
to lower r. and increase reflectivity. In addition to setting
the cloud background condition, thus determining how ef-
fective MCB can be in some conditions, the size distribution
of the seeded aerosol now becomes important (Hoffmann
and Feingold, 2021). Due to technical limitations, the sea-
water sprayed often contains coarse particles as well which
can cause cloud breakup by initiating precipitation, making
it important to consider the combined and opposing effects
of fine and coarse sea salt and the possible consequences in
MCB projects.

Cloud r. modification occurs via changes in cloud LWP as
well. An increase in cloud LWP leads to a a vertically deeper
cloud which results in a higher cloud top r. under the adia-
baticity assumption. At stronger surface wind speeds, there
is more evaporation at the ocean surface and a consequent
increase in surface moisture flux. This leads to a moist ma-
rine boundary layer, a lower cloud base, and the formation of
thicker clouds with a larger LWP (Chen et al., 2011). There-
fore, increased low-level horizontal wind speeds can enhance
the emission of fine sea salt and giant CCNs while at the same
time evaporating and transporting more moisture into clouds.
This makes the wind speed (ws) a major driver of cloud
change over the ocean through multiple pathways (Fig. 3).
It is vital to distinguish between these two causal pathways
(ws—Ng-re versus ws—LWP—r.) and extract the “fingerprints”
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of these different processes to ensure accurate assessments of
the climate response to anthropogenic aerosol changes.

Current observational studies are based on instantaneous
satellite imagery. Recent observational assessments of the
combined effects of FSS and CMA on cloud r. and warm
rain (Liu et al., 2022), and cloud radiative effects (Liu et al.,
2025) used instantaneous measures of the LWP, fixed to sep-
arate the combined effects of meteorological factors. How-
ever, studies including the evolution of nocturnal clouds
over 12 h (model studies; Hoffmann et al., 2020; Glassmeier
et al., 2021) and short timescales (day time observations;
Gryspeerdt et al., 2022a) reveal that the LWP can evolve
differently based on the initial Ny perturbation. The impacts
of Ng on LWP are not accurately captured by instantaneous
measurements (Arola et al., 2022; Zhang et al., 2024). Tem-
poral evolution of cloud properties provides a separate path-
way to isolate aerosol impact on cloud (Meskhidze et al.,
2009; Glassmeier et al., 2021; Gryspeerdt et al., 2021, 2022a;
Fons et al., 2023), removes any reliance on predetermined/in-
stantaneous and possibly confounded (by meteorological
and other cloud controlling factors) Ng—LWP relationships,
and ensures the accuracy of interpreted causal relationships
(Zhang et al., 2024).

This work measures the impact of different processes on
the evolution of r. over short time scales using a variety
of observational data sets. A new framework is introduced
to identify the role of different cloud processes in observa-
tions of cloud evolution. By assessing the impact of differ-
ent meteorological properties on cloud evolution over a three
hour time period, this framework isolates the individual fin-
gerprints of fine and coarse sea salt, and surface fluxes, on
LWP and Ny changes. The analysis highlights the importance
of the initial/background state of the cloud in the temporal
evolution of its macrophysical and microphysical properties.
Non-aerosol processes have a more effective role in control-
ling the production of larger cloud droplets whereas coarse
marine aerosols limit the overall impact of anthropogenic
aerosols on cloud properties in very polluted conditions.

2 Data and Methods

2.1 Observational and meteorological reanalysis data

The properties of the cloud field are calculated from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
cloud retrieval (Platnick et al., 2017) onboard both the Aqua
and Terra satellites over the 10-year period 2007-2017 (in-
clusive). The Terra and Aqua satellites provide information
about cloud properties 3 h apart from the two daytime over-
passes. The cloud Ngq and LWP is derived from the values of
re and the cloud optical depth T from the 2.1 um retrievals
(Quaas et al., 2006; Grosvenor et al., 2018). The cloud Ny
is calculated following the sampling criteria in Grosvenor
et al. (2018), and sampling strategy G18 in Gryspeerdt et al.
(2022b). Only single-layered, liquid-phase clouds are con-
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sidered. This strategy also excludes pixels with solar zenith
> 65° and satellite zenith angle > 55° to account for uncer-
tainties at high viewing angles. An adiabatic cloud is as-
sumed for all the selected pixels. The LWP is calculated us-
ing all available liquid pixels. These data are then aggregated
to a 1° x 1° latitude-longitude grid.

Following Gryspeerdt et al. (2021), boundary layer winds
are used to account for advection between the observation
times of the different instruments, restricting analysis to grid
boxes where Ny and LWP are available for both instru-
ments. The cloud field is advected using ERAS reanalysis
wind fields at 1000 hPa. The advection is calculated on a
0.25° x 0.25° resolution grid (as the movement of the cloud
fields over 3h is expected to be less than 1°). Each grid box
on the fine resolution grid is treated as a parcel trajectory and
advected using the wind fields. The Aqua data are then sam-
pled at the end points of these trajectories, and aggregated to
a1°x1° grid.

Surface wind speeds are obtained from ERAS, reanalysis
product (on a 1° x 1° grid) that offer an estimate of global
atmospheric conditions that are collocated with the MODIS
observations (Hersbach et al., 2023). Precipitating and not-
precipitating cases are differentiated using the probability of
precipitation (PoP) at each MODIS grid point, based on the
proportion of liquid re retrievals greater than 15 um (Rosen-
feld et al., 2002). This is calculated from the MODIS level 3
daily gridded product (MODO08_D?3) using the r. histogram
counts. The PoP is the ratio of small drops (sum of all his-
togram bins less than 15um) to all drops in the distribu-
tion/histogram (sum of all bins). If PoP > 70 %, then the grid-
box is considered to be precipitating. The results in Sect. 3.1
and 3.2 are from a region within the southeastern Atlantic
stratocumulus deck between 40°S to 10°N and 30°W to
10°E.

2.2 Difference of rates (DoR)

The temporal evolution of the Ny and LWP (dNg/df and
dLWP/dt respectively), is obtained by calculating the differ-
ence in properties between the two daytime satellite over-
passes, which are approximately 3 h apart — at 10:30 and
13:30 local solar time for Terra and Aqua respectively. Joint
histograms in the Ng—LWP space are then generated by bin-
ning the cloud data as a function of their initial Ng and LWP
(Gryspeerdt et al., 2022a). These are then converted to rela-
tive rates of changes by dividing the differences first with the
bin widths (Ng bins for d Ny, and the LWP bins for dLWP),
and then with the time step of 3 h (time difference between
Aqua and Terra observations). The final result is expressed as
a percentage with units of (% per hour) by multiplying with
100.

By strictly controlling the initial state of the cloud, we ac-
count for the confounding impact of existing meteorological
variables which can change the properties of aerosol and the
cloud simultaneously, and could introduce spurious correla-
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tions on the development of Nd-LWP relationships. If the
clouds are advected across regions with a large gradient in
meteorological properties, this would result in a large change
in the cloud properties owing to how correlated the cloud is
to a strong climatological change. Clouds with a high (low)
initial value of LWP or Ny is likely to show a decrease (in-
crease) in LWP or Ny, which is consistent with a “regres-
sion to the mean” effect. This can happen as a statistical
effect, where even when the cloud is remaining stationary,
a positively biased first measurement (of r¢) is followed by
a smaller second measurement. Since r, is positively corre-
lated with LWP and negatively correlated with Ny, this shows
up as a highly negative dLWP and a large positive dNy. Previ-
ous studies (Eastman et al., 2016; Eastman and Wood, 2016)
accounted for this by looking at anomalous changes across
Lagrangian trajectories by removing seasonal means for day
and night separately. On the other hand, it was shown by
Gryspeerdt et al. (2021) (where dLWP and dNg were calcu-
lated in a similar way from MODIS Terra and Aqua) that the
“flowfields” (the rate of change of Nq and LWP) do not look
the same when dLWP and dNy are binned by the final LWP
and Ny. If there was indeed a regression to the mean effect,
the flowfields should have looked the same when calculated
from either direction. As stated in Gryspeerdt et al. (2021),
while this does not completely rule out the impact of retrieval
biases and the regression to the mean effect, it does rule out
the possiblity of the results being a statistical artefact caused
by random biases.

Here, the difference-of-rates (DoR) method is introduced
which accounts for these effects. The relative rates of change
(in % per hour) are calculated by separating or stratifying the
cloud population based on a cloud/meteorological variable
(such as surface (10 m) wind speeds, ws), and calculating the
differences with respect to a reference data set. For example,
in Fig. 2, the DoR (presented herewith with a symbol A) with
respect to ws is calculated as

Ay dNg = A(w;*)de — A(w{)de @))]

where w = wy >4ms~! and Wy =ws < 4ms~'. Here,
the cloud population with wg™ is the reference data set. Mul-
tiple DoRs can be calculated by splitting w; into smaller
bins/data ranges (different columns in Fig. 2).

3 Results and Discussion

3.1 The precipitation fingerprint

In addition to acting as a sink for the cloud N4 through
the sedimentation of droplets, precipitation plays a key role
in the scavenging of CCN (wet or below-cloud scaveng-
ing), which in turn can reduce Ny. The effects of precip-
itation are usually seen primarily in the (upper) left quad-
rant (LWP > SOgm_z, Ng <50 cm_3), i.e., for clouds with
a high initial LWP and a low Ng4. An overall positive change
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Figure 1. The effect of precipitation on dNVy/dt (a, b) and dLWP/dr
(d, e). (a) dN4/dt for precipitating clouds(PoP > 70 %), (b) dNqy/dt
for not-precipitating clouds (PoP <70 %), (¢) ApopdNy, the dif-
ference between panels (a) and (b), (d) dLWP/dr for precipitat-
ing clouds (PoP > 70 %), (e) dLWP/dt for not-precipitating clouds
(PoP <70 %), (f) ApopLWP = panels (d)—(e).

is seen in the d Ny field in this region for both precipitating
and non-precipitating clouds (red region in Fig. 1a, b), which
is possibly a regression to the mean effect (discussed in the
next paragraph). In addition to precipitation, other processes
such as the primary production of CCN from sea spray, and
entrainment of aerosols from the free troposphere (especially
closer to the coast) can possibly act as significant sources
of N4 for clouds with an initially low N4. However, pre-
cipitation rates as low as 1 mmd~! have been shown to be
effective in reducing Ny by a factor of three over the SE
Pacific (Wood et al., 2012). The DoRs between precipitat-
ing and not-precipitating clouds (Fig. 1c) reveal that precip-
itation acts as a sink for the cloud Ny, with a reduction of
N4 observed in more strongly precipitating cases. Precipita-
tion results in a smaller overall net increase in dNy (i.e., the
change in N4 over 3 h) with Fig. 1a showing lighter reds and
darker greens. There is a smaller decrease (larger increase)
in dNy for not-precipitating clouds in Fig. 1b (darker reds
and lighter greens). Consequently, the corresponding DoR,
ApopdNy (difference between Fig. la and b, i.e., a—b), is
negative (Fig. 1c).

The few positive values (red) in the DoR field in Fig. 1c
are possibly not-precipitating clouds which were not filtered
out using the r, threshold. The positive and negative regions
in Fig. 1a and b may be partly driven by the regression to
the mean effect by using a filter in r, which is also used
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to calculate Ng and LWP. Similar patterns were obtained as
in the Fig. 1la—c when an independent data source (Eastman
et al., 2019) for precipitation was used Appendix A). The
MODIS filters were subsequently chosen to identify precipi-
tating clouds for the rest of the analysis. Using r. as a mea-
sure of precipitation allows the precipitation data at the start
of the time step to be included, such that the impact of pre-
cipitation on the cloud evolution is identified (rather than the
impact of cloud evolution on precipitation, as is obtained us-
ing precipitation from the later overpass at the end of the
timestep).

Droplet sedimentation at the cloud-top entrainment inter-
facial layer (EIL) depletes liquid water from this zone, lead-
ing to reduced entrainment and thicker clouds (high LWP)
(Ackerman et al., 2004; Bretherton et al., 2007). In precip-
itating clouds the r. is generally higher leading to droplets
sedimenting out of the EIL. Conversely, in not-precipitating
clouds, the r. is smaller, and there are more, smaller cloud
droplets in the entrainment interfacial layer at the cloud top.
This leads to evaporative enhancement of entrainment of free
tropospheric air, leading to a thinner cloud layer or a higher
decrease (or a smaller increase) in LWP in not-precipitating
clouds compared to precipitating ones. Consequently, the
DoR for LWP is positive in Fig. If everywhere except in
the region corresponding to the strongly negative region in
Fig. 1c for Ny. Here, strongly precipitating clouds lose more
liquid water (as rain) resulting in a more negative (less posi-
tive) change in LWP.

3.2 Disentangling the impact of wind driven processes
on cloud effective radius

With the new framework effectively extracting the precipita-
tion fingerprint, we apply this technique to identify the differ-
ent processes that modify the r.. To investigate the simulta-
neous effects of FSS and CMA in altering r. through changes
in Ny, the DoRs are calculated by stratifying the data by sur-
face wind speeds. Horizontal low-level (10m) winds have
been shown to be strongly correlated with sea salt produc-
tion (Lewis and Schwartz, 2004). In contrast to Fig. 1, all
the plots in Fig. 2 are DoRs, A, dNg and A, dLWP, calcu-
lated for different wind speed ranges and with respect to a
reference dataset with ws <4 ms~! (as detailed in the meth-
ods section). Additionally, we treat initially precipitating and
not-precipitating clouds separately as the impact of aerosol-
induced precipitation suppression works differently for these
two categories.

For initially precipitating clouds, precipitation suppression
is expected to increase at higher wg with the introduction
of additional FSS. Therefore, dNg would tend to be less
(more) negative (positive) as wg increases (due to reduced
in-cloud scavenging). Consequently, A,,,dNg would be neg-
ative (blue) as seen in the left quadrant in Fig. 2a to d.

A positive fingerprint, consistent with FSS acting as CCN,
strengthens with wind speed and dominates the precipita-
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AdLWP for not-precipitating clouds for similar wg ranges.

where

tion effect at wind speeds greater than 12ms~! in Fig. 2d.
In addition to the increased aerosol burden, high w; leads
to stronger updrafts at the cloud base (Colén-Robles et al.,
2006) increasing the activation of FSS and the formation of
new droplets.

The effect of CMA is seen in not-precipitating clouds with
a high initial Ng (> 100 cm™3) in Fig. 2e-h, with a negative
trend in A, dNy consistent with the results from (Feingold
et al., 1999; Yin et al., 2000). The CMA are usually the first
to activate and form droplets at the cloud base. This depletes
the supersaturation here, thereby inhibiting the activation of
FSS into smaller droplets. This skews the droplet size dis-
tribution to larger sizes, enhancing the collision-coalescence
rate (Rosenfeld et al., 2002). Both processes lead to a higher
re which is a key precursor to precipitation initiation.

A negative A,, dNg region is consistent with a giant CCN-
induced reduction in d Vg4. In addition to fewer new activated
droplets, the smaller dNg could also be due to giant CCN-
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induced precipitation (in initially not-precipitating clouds).
Once giant CCNs are activated, condensational growth and
collision-coalescence to raindrop sizes are expedited within
this time scale (of 3 h). Increasing wyg leads to the formation
of more CMA which shows up as a stronger signal in the
DoR. As expected, there is no perceptible impact of CMA on
already raining clouds as drizzle is already active.

A relationship between CMA and r. by altering Ny can
clearly be seen. However, there is a strong positive signal in
AdLWP across all initial Ny suggesting an alternate pathway
to explain the wg—r, correlation. Stronger surface winds over
the ocean lead to an increase in surface fluxes through in-
creased evaporation (Kazil et al., 2016; Eastman et al., 2022).
This moistens the marine boundary layer and increases the
moisture available at the cloud base. This can increase the
cloud depth either by lowering the cloud base through con-
densation or increasing the cloud top height by entrainment
(driven by buoyant production of kinetic energy in the up-
drafts; Kazil et al., 2016). The current methodology does not
allow us to distinguish between these two effects. In addition,
higher wind speeds enhance wave formation — these waves
can break and produce white caps and sea spray, which en-
hances the sea-to-air latent heat flux. This is an additional
source to the cloud LWP leading to thicker clouds with larger
droplets, and corresponding larger dLWP over the observed
period (Fig. 2i-1).

3.3 Geographical variability

The analysis presented thus far was restricted to the south-
eastern Atlantic (SEA) Sc clouds. In this section, we ex-
tend the analysis to the rest of the globe. DoR plots sim-
ilar to Fig. 2 are generated for the stratocumulus decks
over the north and south Pacific oceans (Figs. C1 and C2
in Appendix C). In the north Pacific (NP) Sc deck, re-
sults are broadly consistent with those found over the SEA
deck: for initially non-precipitating clouds, the influence of
GCCN is evident, with a decrease in Ny at high initial Ny
and LWP > 30 gm~? (Fig. Cle-h). For precipitating clouds,
however, the impact of precipitation dominates the Ny re-
sponse, even at very high ws (Fig. Cla—d). Similar to the
SEA deck, LWP in the NP deck increases with wg (Fig. Cli—
p) for both not-precipitating and precipitating clouds. In con-
trast, for the south Pacific (SP) Sc clouds, the signals asso-
ciated with the same processes are less clear when using the
DoR method — the changes in N4 appear to show similar be-
havior as the NP clouds for both not-precipitating and precip-
itating clouds (Fig. C2a-h), as does the change in LWP for
precipitating clouds. For not-precipitating clouds (Fig. C2m—
p), there is a strong negative and positive presence with no
obvious pattern emerging.

To further investigate this behavior, global maps of the
DoRs of dNg (Ay,dNg in cm_3) and dLWP (A, dLWP
in gm™2) are analyzed for different w, ranges. These
are plotted separately for clouds with a mid-range
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(30 < Ng < 100 cm™3) and high (Ng > 100 cm™?) initial Ng.
Figure 3, showing not-precipitating clouds with an initial
Ny between 30 and 100 cm 3, reveals Ay, dNy transitioning
from positive to negative values in the northern hemisphere
and regions off the shore of the African and south Ameri-
can continents with increasing ws. The areas enclosed in the
three boxes are the grid points used to make the joint his-
tograms in Figs. 2,C1 and C2 for the SEA, NP and SP decks
respectively.

It is possible that the negative DoRs are driven by com-
petition for activation between sea salt and sulfates advected
from the continent. Sea-salt aerosols are an important com-
ponent of the so-called natural “background aerosol/CCN”
population. Introduction of more sea-salt aerosols in already
polluted background states (over and offshore from the con-
tinent) results in competition between CCN particles for
the liquid water/supersaturation required to activate to form
cloud droplets. At higher wind speeds, sea salt becomes a
dominant contributor to background aerosol concentrations,
especially in the coarse mode. The increased surface area en-
hances condensation of water vapor thereby reducing maxi-
mum supersaturation. This inhibits the activation of new sul-
fates or other small aerosols leading to a net reduction in Ny
(Ghan et al., 1998; Fossum et al., 2020) or a smaller increase
in dNVy4 compared to low wg conditions. This could explain
the negative values (blue regions) over the northern hemi-
sphere and along the coast of the continents in the south-
ern hemisphere. More pristine conditions exists further away
from the continental coastlines in the southern hemisphere
where the competition is less prominent, leading to almost
constant changes (positive) as wg increases in these regions.

The influence of GCCN in initiating precipitation is illus-
trated in Fig. 4, which shows A, dNy (in cm ) for different
wy for initially not-precipitating clouds with Ng > 100 cm ™.
Outside the tropics, a robust decrease in d Ny is observed over
the oceans in both hemispheres driven by precipitation.

Figure 5 shows the global distribution of DoRs of dLWP
(Ay,LWPin g m~2) for not-precipitating clouds with an ini-
tial droplet number concentration Ng > 30cm™3. A clear in-
crease in dALWP with increasing w; is observed. This sig-
nal is particularly pronounced over the subtropical and mid-
latitude oceans in both hemispheres. Notably, a distinct in-
crease in dLWP is evident for the SP deck, especially near the
coast. This coastal signal is not clearly captured in the DoR
joint histograms (Fig. C2m-p), likely because those include
clouds farther offshore, where stratocumulus transitions to
cumulus regimes. For initially precipitating clouds, even
though the change in LWP appears more positive (Fig. C3),
no distinct signals can be observed in the maps even though
the DoR histograms capture the increase in LWP. Coarsen-
ing the grid to a 5° x 5° grid also did not reveal any clear
patterns (not shown) in the maps. However, a combination
of the DoR method along with global maps of the DoRs can
provide a strong picture of the effects of wind-driven pro-
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Figure 3. Variability in dNy across the globe for different wind speed ranges shown here as the DoR A, dNg (in cm™3) for initial
30 < Ng < 100 cm™3. The boxes show the Sc decks/regions, data from which are used to generate the DoR joint histograms for the south
east Atlantic (SEA), north Pacific (NP) and the south pacific (SP).
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https://doi.org/10.5194/acp-26-4049-2026 Atmos. Chem. Phys., 26, 4049-4066, 2026



a) ws=4-Tms™1

G QU

60°S 4oL
180°W

90°W 0 90°E 180°E

180°W

40

20

A LWP (gm™2)

-20

90°W 0 90°E 180°E
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cesses over the evolution of Sc decks across the globe along
with any hemispherical differences.

4 Conclusions and Outlook

This article highlights the effectiveness of two different path-
ways through which surface wind-driven processes can mod-
ify the cloud droplet effective radius r.. Using observations
of the temporal evolution of clouds, process fingerprints
of the effects of marine aerosols on the cloud properties
were extracted. Giant CCNs were shown to reduce cloud Ny
(Figs. 2e-h and 4) through two different pathways as illus-
trated in Fig. 6:

— Pathway la: initiating precipitation in clouds with an
initially high droplet number concentration.

— Pathway 1b: depleting supersaturation by activating to
form larger droplets. This increases competition for su-
persaturation among the remaining CCNs leading to the
activation of fewer new droplets.

In addition to the role of fine and giant CCNs, we identify
and highlight the role of wind-driven surface fluxes in the
thickening of marine stratocumulus clouds and therefore in
the increase of r. (pathway 2 in Fig. 6). Similar modifica-
tion in moisture in the STBL through stronger surface fluxes

Atmos. Chem. Phys., 26, 4049-4066, 2026

in response to higher surface wind speeds have been shown
before (Kazil et al., 2016; Eastman et al., 2022).

The percentage changes of r. due to changes in Ny and
LWP via the different pathways can be quantified by us-
ing Egs. (B1) and (B2), and using values for d(In Ngq) and
d(InLWP) from Fig. 2f and j respectively. In Fig. 2f, for
Ng > 100cm™3 and LWP across the range here, d(In Ny) is
approximately —2.5 % (light blue in the colorbar). Similarly,
in Fig. 2n, d(InLWP) is approximately 5 % for Nyg > 100.
This corresponds to an increase in d(Inr.) of 7.5 % and 30 %
respectively when used in Eqgs. (B1) and (B2) (details in Ap-
pendix B). This clearly identifies the second pathway — via
increased surface fluxes — as the more dominant physical
process that increases r, while simultaneously obscuring the
impact of marine aerosol on clouds.

Investigating the Ng and LWP responses to changes in wg
across the globe yielded interesting results which makes it
important to address the interactions of non-sea-salt aerosols
with fine and coarse sea salt. Near-surface wind speeds have
been shown to control the formation of sulfate aerosols
through oceanic emissions of dimethyl sulfide (Huebert et al.,
2004). Additionally, the presence of continents, and conse-
quently a more polluted background state in the northern
hemisphere causes different responses in cloud Ng and LWP
compared to the more pristine conditions over the oceans in
the southern hemisphere. At low wind speeds, sulfate con-
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Figure 6. Different pathways to explain the we—Ng / LWP-re correlation.

centration exceeds that of sea salt, especially in the accumu-
lation mode which provides the majority of the cloud CCN.
However, as wind speed increases, the concentration of sea
salt in the accumulation mode increases and they end up
dominating the CCNss in cleaner clouds. For high (low) sul-
fate concentrations and weak (strong) updrafts, sea salt will
reduce (increase) the maximum supersaturation and reduce
the number concentration of activated sulfate particles (Ghan
et al., 1998) as seen in Fig. 3. The wind-driven sea salt emis-
sions, while acting as new CCN, can also suppress aerosol
nucleation by removing nucleating molecules.

However, sea salt is always preferentially activated as
CCN at lower supersaturations as they are larger than sulfate
particles. Also, majority of the marine aerosols in the coarse
mode, ie, greater than 1 um, will be sea salt and hence we do
not expect other aerosol sources to interfere with the GCCN
results presented here.

It is important to acknowledge the possible role of sur-
face winds on stratocumulus topped boundary layer (STBL)
dynamics. Specifically, the role of surface shear on cloud-
top entrainment rate. Entrainment of free tropospheric (FT)
aerosols across the cloud-top entrainment interfacial layer
(EIL) can lead to the introduction of CCN. This possi-
bly affects our results if a direct correlation exists between
wind-generated surface shear and entrainment rates. How-
ever, even though there is considerable evidence of wind
shear across the inversion enhancing the entrainment rate
of dry, warm FT air and reducing the cloud fraction and
LWP (Schulz and Mellado, 2018; Wang et al., 2008, 2012;

https://doi.org/10.5194/acp-26-4049-2026

Zamora Zapata et al., 2021), the effect of surface shear on
entrainment in STBL is still unclear. Increased low level
vertical wind shear can contribute to a turbulent and well-
mixed STBL. However, any increase to entrainment (a tur-
bulent kinetic energy (TKE) consuming process) is depen-
dent on the availability of the surface shear-generated TKE
at the EIL. This surface shear generated TKE must be trans-
ferred through the entire depth of the STBL to the EIL as
it goes through the energy cascade process of turbulence,
before it can be used to drive entrainment. However, stud-
ies on the STBL specifically looking at the role of surface
shear and cloud top shear failed to see conclusive evidence
on an increase in entrainment rates due to only surface shear
(Zamora Zapata et al., 2021). Studies on the interaction of
a constant large-scale wind speed with the STBL showed
that it is possible through buoyancy driven dynamics (rather
than shear driven) for geostrophic wind to promote STBL
growth and enhance entrainment throughout the diurnal cy-
cle (Kazil et al., 2016). Higher surface moisture flux at in-
creased wind speed boosts the latent heat release and buoy-
ant production of TKE in cloud updrafts leading to increased
entrainment. At the same time, they point out that features
of boundary layer dynamics that determine entrainment ex-
ist, but require more in-depth study. This suggests that we
cannot completely discount the possibility that wind driven
entrainment of aerosols from the FT can affect the results in
this work, especially in Fig. 2.

Additionally, depending on the humidity of the entrained
FT air, there could be an increase or decrease in cloud LWP

Atmos. Chem. Phys., 26, 4049-4066, 2026



4058

(Ackerman et al., 2004). Accounting for the contribution of
surface winds to cloud-top entrainment and hence Ny and
LWP would require controlling for both FT aerosol concen-
tration and relative humidity (in addition to wind speeds)
which complicates the analysis using DoRs. Since we expect
the wg — surface shear — entrainment correlation to be weak,
and the wg — sea salt correlation to be strong and dominate
the Ng — LWP phase space, we choose to focus on the latter
and reserve the former analysis for future work.

While retrieval biases can still affect the quantification of
the initial state, the focus on time development reduces the
impact of correlated errors in Ng and LWP that affected pre-
vious studies (Arola et al., 2022). Further studies are required
to assess the impact of other factors on these fingerprints, par-
ticularly the diurnal cycle (Zhang et al., 2024). Including the
effects of the diurnal cycle will account for variability in the
N4-LWP relationship over longer time scales. Observations
from geostationary satellites are ideal for these analyses by
evaluating cloud evolution through Lagrangian trajectories
over longer time scales than those considered here. These
will also have the advantage of using smaller time steps than
the 3 h considered in this work.

The impact of fine sea salt follows previous observational
studies, increasing Ny, but coarse marine aerosol is shown to
decrease Ny, particularly in initially not-precipitating cases
with a high Ny. This shows that even small amounts of coarse
aerosol can limit the efficacy of anthropogenic aerosol in-
jections, providing an important constraint on the cloud re-
sponse to aerosol and limiting the effectiveness of proposed
marine cloud brightening programs.

Appendix A: Investigating regression to the mean
effects using an independent data source for
precipitation

It is possible that the positive and negative regions in Fig. 1a
and b are partly driven by the regression to the mean ef-
fect. Whereby, a positively biased first measurement would
likely be followed by a smaller second measurement. By
applying a threshold on r. (which is used to calculate both
Ngq and LWP) to distinguish between precipitating and not-
precipitating clouds, there is a chance that similar regression
to mean effects are inadvertently introduced in the DoRs in
Fig. 1c.

We perform an alternate analysis using an independent
data source for precipitation: warm rain rates inferred from
AMSR/E and AMSR/2 89 GHz passive microwave bright-
ness temperatures trained using CloudSat rain rate observa-
tions (Eastman et al., 2019). The results for DoRs from the
dataset provided by Eastman et al. (2019) in Figs. Al and A2
suggest patterns similar to those in Figs. 1 and 2. This sug-
gests that the patterns are indicative of precipitation effects
rather than the regression to the mean (which might still be
at play but less dominant). We refrain from using the data set
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Figure A1. Calculation of DoRs as in Fig. 1 using AMSR data.

from Eastman et al. (2019) to identify precipitating clouds in
the main manuscript as these are collocated with data from
Aqua, which is at the end of the time step in the context of
this manuscript. By using the effective radius as a measure
of precipitation we are using more information of the cloud
microphysics and obtain data from the start of the time step.
This allows us to identify the role of precipitation and other
processes during the evolution of the cloud. Original Cloud-
Sat rain rate observations were also considered, but these are
too sparse/patchy to provide reliable results.
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Appendix B: Cloud re sensitivities to changes in
LWP and Ny4

The cloud N4 and LWP are calculated using

V5

Ny=——+—
2k/ p1 Qext
LWP =5/9r.p17c.

1/2 —-5/2
Vfadrfc/ Te / s

where Q. is the extinction efficiency factor (unitless), faq is
the adiabaticity fraction, . is the cloud optical depth (unit-
less), k = (ry /re)3 where ry is the volume-mean droplet ra-
dius, py is the density of liquid water (kg m~>).

The change in r. with a change in N4 can be represented

as

dlnre _ 1 ®B1)
dlnNg | wp 3

dlnre _ 1 ®2)
dInLWP|y ~ 6
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Appendix C: Geographical variability in Sc evolution
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Figure C1. As in Fig. 2 but for the north pacific Sc deck.
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