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Theimpact of anthropogenic aerosols on cloudsis aleading source of
uncertainty in estimating the effect of human activity on the climate
system. The challenge lies in the scale difference between clouds (-1-10 km)

and general circulation and climate (>1,000 km). To address this, we use
convection-permitting simulations conducted in along and narrow domain,
toresolve convection while also including arepresentation of large-scale
processes. We examine a set of simulations that include a sea surface
temperature gradient—which drives large-scale circulation—and compare
these with simulations thatinclude no gradient. We show that the effective
radiative forcing due to aerosol-cloud interactions is strongly enhanced by
adjustments of large-scale circulation to aerosol. We find that an increase

in aerosol concentration suppresses precipitationin shallow-convective
regions, which enhances water vapour transport to the portion of the
domain dominated by deep convection. The subsequent increase in latent
heat release in deep-convective regions strengthens the overturning
circulation and surface evaporation. These changes can explain the increase
in cloudiness under higher aerosol concentrations and, consequently,
thelarge aerosol radiative effect. This work highlights the fundamental
importance of large-scale circulation adjustments in understanding the
effective radiative forcing from aerosol-cloud interactions.

Humanactivity cancreate animbalance in the Earth’s radiation budget
known asradiative forcing. One of the most substantial drivers of radia-
tive forcing, in addition to greenhouse gases, are aerosols'. Anincrease
in aerosol concentration, capable of serving as cloud condensation
nuclei (CCN) for the formation of cloud droplets, generally results in
smaller but more numerous droplets and an instantaneous change
in the radiative properties of the clouds**. Furthermore, this initial
perturbation can result in cloud ‘adjustments’, which can affect the
amount of clouds or their total water content*. Adjustments refer to
changesinthe system’s state or composition, including large-scale cir-
culation changes, that modify the initial energy imbalance without sur-
face temperature changes’. The sum of theimmediate cloud response

and subsequent cloud adjustment’simpact on the top-of-atmosphere
(TOA) radiation balance is known as the effective radiative forcing from
aerosol-cloud interactions (ERF,)"°.

Uncertainties in ERF, are akey source of climate change under-
standing uncertainty’. These uncertainties arise primarily owing to
cloud adjustments’, which are difficult to constrain causally through
observations®. On the other hand, studying ACl in numerical models
allows one to better understand physical processes, but the high
spatio-temporal resolution required to capture ACl makes it difficult
to simulate the feedbacks of local ACI with the global atmospheric
circulation. Thisis problematic because large-scale circulation adjust-
ments are known to play arobust role in the ERF from CO, (ref. 9) and
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Fig.1|Mock-Walker simulations. a-c, Hovmoller diagrams showing the
spatio-temporal distribution of key variables in the mock-Walker simulations:
surface precipitation (a), TOA outgoing longwave radiation (R") (b) and TOA net
shortwave radiation (R%") (c). d, The SST distributions along the long dimension

(X) of the domain of the mock-Walker simulations, with black vertical lines
indicating the boundary between the shallow- and deep-convective regimes (see
Methods for details). a-c correspond to simulations with adomain-mean SST of
300K andN,of200 cm™.

from aerosol-radiation interactions'’. Nevertheless, the importance
of circulation adjustments for ACI (the indirect effect), which is sub-
jecttoamuch greater scale imbalance owing to the need to resolve
microphysical processes, is not yet clear. This represents a critical
knowledge gap in our understanding of how anthropogenic aerosols
affect Earth’s climate. More generally, better understanding of the
couplingbetween clouds and large-scale circulations has beenidenti-
fied as one of climate science’s ‘grand challenges’™, highlighting the
need for further research in this area (for observational estimates
of this coupling in our region of interest, the tropical Pacific, see
Supplementary Discussion1).

In recent years, cloud-resolving simulations using long-channel
domains have arisen as a potential solution to the scale mismatch
between the small scale of clouds and the much larger scale of the
climateand general circulation?'®. By employing along, narrow chan-
nel domain geometry, this setup accounts for the large scale of the
tropical climate system while still allowing for high temporal and spa-
tial resolutions, as only one horizontal dimension is fully considered.
Suchageometry canbe used with either horizontalhomogeneous sea
surface temperature (SST) conditions™ or with an SST gradient that
producesalarge-scale circulation resembling the Walker circulation'®.
Thelatter approachis referred to asa mock-Walker simulation''®, This
approach has been used to understand convective aggregation and
cloud feedbacks, but has not yet been used to study ACl and potential
large-scale circulation adjustments.

In this Article, we investigate ACI in simulations that account for
large-scale circulation (long-channel domain) and under equilibrium
conditions (long radiative-convective equilibrium (RCE) simula-
tions'*'?). We examine simulations conducted with the System for

Atmospheric Modeling (SAM*°) with an SST gradient-forced circula-
tion (mock-Walker simulations; Fig. 1), across different domain-mean
SSTs (Methods).

Sensitivity of radiation and clouds to aerosol concentration
We first examine the TOA radiative effect of anincreasein aerosol con-
centration (N,; Fig. 2). As expected, it demonstrates that an increase
in N, drives a negative TOA energy gain (AR; Fig. 2a). Most of the AR
response can be explained by a reduction in the net TOA shortwave
energy gain (AR®Y; Fig. 2b), with only a minor effect in the longwave
(AR™; Fig. 2¢). In addition, this figure demonstrates that AR is driven
by changesin the cloud radiative effect (ACRE; Methods; for example,
see the resemblance between Fig. 2a-c and 2d-f). The negative trend
in R® with N, has roughly equal contributions from the shallow and
deep parts of the domain (divided into warmer and colder than the
average SST; Supplementary Fig. 3). We note that the radiative effects
areroughly logarithmic with N, (Fig. 2).

. R . . .
Our estimate of PTG which accounts for large-scale circulation
a

adjustments, is higher than recent estimates based on observations
which focus on the local response?. Specifically, Wall et al.” evaluated

R . L
T o be around -7 W m™ for marine liquid-only clouds over the
d

global ocean (where Nyis the cloud droplet number concentration). In
our case, on the basis of the average over the different SSTs and N,
considered here, ;n—'jv is estimated to be 9.2 W m™ (the full range of

estimations being -5.5 to -15.3 W m2). While this comparison should
be taken cautiously owing to multiple differences in the focus and
analysis methods (for example, focusing only on liquid clouds in
ref. 21 versus focusing also on deep clouds here, the use of Ny versus N,
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Fig.2|Radiative and cloud property response. a-c, The change in the net TOA
energy gain (AR) in total (shortwave +longwave) (a), in the shortwave (b) and in
thelongwave (c). d-f, The change in the CRE in total (shortwave + longwave) (d),
inthe shortwave (e) and in the longwave (f). g-i, The change in the domain-mean
(including clear sky areas) LWP (g), CF (h) and surface precipitation (i) owing toa
change inaerosol concentration N, (compared with the cleanest case of 20 cm™),
for different SSTs (indicated by different curves). Solid lines represents domain-
mean values, while shaded areas represent the 95th percentile uncertainty
intervals (n=7,200).

and the averaging over the global ocean versus the focus only on the
tropics), it still suggests the possibility that large-scale circulation
adjustments amplify the sensitivity of TOA fluxes to changesin aerosol
concentration. For example, we note that, inthe same model and using
asimilarsetup but withoutan SST gradient (and hence norepresenta-

. s - R .
tion of forced large-scale overturning circulation), Sy isan order of
a

magnitude smaller than in the presence of large-scale circulation
(Supplementary Fig. 4). However, this comparison is complicated by
differencesin the distribution of cloud types between the two control
simulations.

The positive N,-driven cloud adjustments (theincreasesin cloud
fraction (CF) and liquid water path (LWP); Fig. 2g,h) can explain the
relatively strong radiative cooling effect of aerosols in these simula-
tions. Next, we investigate where this increase in LWP and CF is com-
ing from, that is, from the portion of the domain with warmer SSTs,
which is dominated mostly by deep convection (the ‘deep regime’,
whichincludes also some shallow and congestus clouds) or from the
portion of the domain with colder SSTs, which is dominated by shal-
low clouds (the ‘shallow regime’). To do this, in Fig. 3 we separate the
cloudresponsesinto these two parts of the domain. This demonstrates
that the LWP and CF strongly increase in both shallow and deep parts
of the domain (Fig. 3a,e and 3b,f, respectively). The cloud top height
generally increases with NV, in both the shallow and deep regimes,
consistent with previous studies****, Particularly important to this
study, Fig.3d,h demonstrates that the surface precipitation decreases
with N, inthe shallow regime butincreases in the deep regime, which
overcompensates for the trend in the shallow regime and results
in an overall positive trend (Fig. 2i). Figure 3 presents the results
based on the simulations conducted at SST of 300 K. Supplementary
Figs. 5 and 6 present the results based on the two other SSTs, which
generally demonstrate consistency across different SSTs. Inaddition,
Fig. 3 presents two methods to separate the domain into deep- and
shallow-dominated regimes (Methods). These two methods generally
demonstrate consistent behaviour.

Walker circulation response to aerosols

Next, we examine the sensitivity of the circulation itself to changes
in NV, (Fig. 3i-p). It demonstrates that the large-scale ascent (ws) is
becomingstrongerinthe deep regime withanincreasein N, (especially
in the w-based separation). Simultaneously, the near-surface wind
speedisenhanced with N,. Theintensification of the magnitude of ws,
together with the enhanced near-surface wind speed suggests that the
large-scale overturning circulation strengthens with the increase in
N,. Thisbehaviouris also seen for the other two SSTs (Supplementary
Figs.5and 6).

The increase in near-surface wind speed is accompanied by an
increase in surface evaporation in the shallow regime (Fig. 3k). This
increase in surface evaporation, and the reduction in precipitation
(Fig. 3d) with N, in the shallow regime, results in stronger advection
of water vapour from the shallow to the deep regimes (Fig. 4a and
ref.25). Theincreased water vapour convergence into the deep regime
results in enhanced precipitation, stronger latent heat release and an
increased export of dry static energy from the deep regime (Fig. 4b).
Theincreaseinsurface evaporationand thereductionin precipitation
in the shallow regime can thus explain both the local (shallow) and
remote (deep) increase in precipitable water (Fig. 31,p), and in CF and
LWP, with N,. The increase in CF and LWP with N,, in turn, can explain
the strong ARSY response. In addition, the domain-mean increase in
surface evaporationis consistent with the increase in the domain-mean
precipitation (Fig. 2i), as the precipitation and evaporation must bal-
ance each other under equilibrium conditions.

Circulation adjustmentincreases cloudiness

Onthe basis of the results presented above, we propose the following
process chain as an explanation for the strong ERF,, in the presence
of alarge-scale circulation (as illustrated in Fig. 5): aerosols suppress
rain in the shallow regime (Fig. 3 and item 1in Fig. 5), which drives a
stronger water vapour advection from the shallow to the deep regime
(Fig. 4 anditem2inFig.5). The stronger convergence of water vapour
into the deep regime results in a stronger latent heat release (and
hence stronger dry static energy divergence out of the deep regime;
Fig.4 anditem3inFig.5), whichintensifies the overturning circulation
(Fig.3anditems4and 5inFig.5). The stronger circulationis also asso-
ciated with anincrease in near-surface wind speed (Fig.3anditem 5in
Fig.5). This, together with drying of the cloudy layer due toits deepen-
ing (Fig.3c), precipitation suppressionand the decrease in evaporation
below cloud base?*, drives an increased surface evaporation in the
shallow regime (Fig. 3k and item 6 in Fig. 5). This further intensifies the
water vapour advection from the shallow to the deep regime (Fig. 4)
and positively feeds back on the circulationintensification. Together,
these mechanisms canexplaintheincreasein cloudiness (LWP and CF)
inboth regimes, which in turn can explain the large radiative effect
(Fig.2and item 7 in Fig. 5). We note that the surface evaporation feed-
back proposed here resembles the wind-induced surface heat exchange
(WISHE) feedback that was proposed before for inducing convective
self-aggregation?.

To further examine the proposed process chain, and to get a quali-
tative estimate of the role of the WISHE feedback in our simulations
compared with the local effect, we conducted a mechanism denial
experiment by fixing the wind speed in the calculations of the surface
fluxes in the model (Methods). By doing this, the WISHE feedback is
excluded, which we expect to weaken the TOA radiative responses.
Comparing the simulations with the WISHE feedback turned off
(no_WISHE) and the simulations which include this feedback (Fig. 6)
demonstrates that AR is reduced by about one-third when the WISHE
effectis turned off. Thatis to say that the intensification of the surface
fluxes owingto theincrease in near-surface winds under high N, condi-
tions increases ERF,., by about 33.3%. This trend is driven by weaker
cloud adjustments in the no_WISHE simulations (Fig. 6g,h). Further-
more, the exclusion of the WISHE effect almost entirely eliminates
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Fig.3|The clouds and circulation response in the different parts of the
domain. a-p, The temporal and spatial mean of the LWP (including clear sky
areas) (aande), CF (bandf), cloud top height (cand g), surface precipitation
(dand h), large-scale vertical velocity at 500 hPa (ws,, i and m), near surface
wind speed (j and n), surface latent heat flux (k and o) and precipitable water
(land p) for the different mock-Walker simulations conducted with SST of 300 K

and different aerosol concentrations, and for the shallow (a-d and i-I) and deep
regime (e-h and m-p) separately, using two different methods for the separation
(see main text for details). The bars represent the mean values, while the black
vertical lines represent the 95th percentile uncertainty intervals (n = 7,200). Note
thelogarithmic scale on they axis of d.

the increase in surface evaporation with N, (Supplementary Fig. 8),
which is associated also with a similarly weaker surface precipitation
enhancementwith N, (Fig. 6i). Owing to the weaker increase in surface
evaporation at the shallow regime with N, in the no_WISHE simula-
tions compared with the simulations whichinclude this feedback, the
increase in water vapour advection out of the shallow regime is also
reduced (Supplementary Fig. 9).

The process chain presented above suggests that aerosol in
shallow-dominated regimes, and their effect on precipitation, is key
for the large-scale circulation adjustment. Another possible explana-
tion for the ACI-driven large-scale circulation adjustment could be
related to aerosol effects on deep-convective cloud. For example, it
was previously proposed that an increase in N, could affect the verti-
cal distribution of latent heating in deep-convective clouds owing
to ‘convective invigoration”?’, In addition, an increase in N, could
result in detainment of smaller and more numerous ice crystals into
anvil clouds®**, which could change the net atmospheric radiative
heating rates. Both of these effects could change the vertical distribu-
tion of diabatic heating in convective regions, which could affect the
Walker circulation®’. Hence, to examine the relative role of aerosol

a , b
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Fig.4 | The water vapour and dry static energy divergence response. a,b, The
mean water vapour divergence (Vq,) out of the shallow regime (a) and the mean
drystaticenergy divergence out of the deep regime (Vd, b) for different mock-
Walker simulations conducted with different SSTs and aerosol concentrations
using the SST-based separation (see main text for details). Bars represent mean
values, while vertical black lines represent the 95th percentile uncertainty
intervals (n=7,200). Supplementary Fig. 7 presents the same results but for the
w-based separation for the shallow and deep parts.
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longwave (c). d-f, The change in the CRE in total (shortwave +longwave) (d), in
the shortwave (e) and inthe longwave (f). g-i, The change in the domain-mean
LWP (including clear sky areas) (g), cloud fraction (h) and surface precipitation (i)
owing to achange in aerosol concentration N, (compared with the cleanest case
0f20 cm™). This figure presents the results from the simulations conducted with
and without WISHE (no_WISHE) feedback (see details in the text) and with SST of
300 K. The dashed black line represents two-thirds of the full trend seen in the
mock-Walker simulation as reference. Solid lines represent domain-mean values,
while shaded areas represent the 95th percentile uncertainty intervals (n = 7,200).

perturbations in the shallow and deep portions of the domain on the
large-scale circulation adjustment, we conducted six additional simula-
tions in which N, is concentrated in either the high- or low-SST region
(Methods and Supplementary Fig.10). This set of simulations suggests

thataddition of aerosol to the shallow-dominated regime indeed plays
alargerrole than addition of the same amount of aerosols to the deep
regime (for more details see Supplementary Discussion 2), supporting
our original hypothesis.

Inthis paper, we focus on ‘adjustments’ to ACI, thatis, under afixed
SST framework. This framework’s utility has been previously demon-
strated, given that the atmospheric response operates on substantially
shorter time scales compared with SST changes®'*****, However, to
verify the suitability of this separation in our own work, we need to make
sure that the time required for the large-scale circulation adjustments
to formis short compared with the time required for the SST to react
substantially to the initial radiative forcing (on the order of afew years).
In addition, we would like to estimate separately the relative impor-
tance of cloud adjustments fromlocal ACl and cloud adjustments from
large-scale circulation changes. To do this, we conducted four additional
transient simulations branching off the mock-Walker simulation at differ-
enttimes and thus initiated with differentinitial conditions (Methods).
Theseresults (Supplementary Discussion 3) suggest that the vast major-
ity of the cloud adjustments (the LWP and CF responses), and hence also
alarge fraction of the R response, is driven by large-scale circulation
adjustments rather than by local, faster reacting, adjustments. Inaddi-
tion, it demonstrates that the large-scale circulation adjustments occur
onatimescale (onthe order of amonth) shorter thanthe time required
for substantial SST changes (on the order of years).

Finally, to estimate the potential radiative effect of the proposed

process chaininthe real world, we multiply the 3 I::N estimated based
a

on our simulations by A log N, derived from an observational-based
data set® (Methods). Considering the full observed range of N,, the
total potential local (over the tropical Pacific) radiative effect is esti-
mated tobe -18.5 W m™. Considering only the 25th and 75th percentiles
as therelevant N, range (Supplementary Fig. 14), the estimated total
potential local radiative effect is 5.5 W m™, still a substantial local
radiative effect accounting for the local variability of N, in the present
day. However, it isimportant to mention that this signal is likely to be
masked by other forms of variability occurring in the tropical Pacific
on the relevant timescales (for example, the El Nifio—Southern
Oscillation cycle®® and equatorial waves™).
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Implications

The results presented here demonstrate that the coupling between
clouds and the large-scale circulation amplifies the ERF,., through an
intensification of the tropical overturning circulation. This study high-
lights the importance of considering the impacts of ACl on a broader
spatial-temporal scale, and specifically suggests that possible varia-
tions in the large-scale circulation owing to an aerosol perturbation
should be taken into account.

We propose that future research should address these issues by
exploring the coupling of clouds and large-scale circulation under
broad spatial-temporal scales, and by conducting dedicated global
storm-resolving simulations’®. While global storm-resolving simula-
tions hold great promise for advancing our understanding of these
complexinteractions, the computational requirements for such simu-
lations are still prohibitive. Therefore, our modelling setup, which
includes representation of the large-scale circulation under equi-
librium conditions while still resolving clouds in high temporal and
spatial resolution, could serve as abridge between the more traditional
cloud-scale simulations used for ACI studies and global storm-resolving
simulations.

A main finding of this paper is that a local and persistent (more
than a month) aerosol perturbation in the subsiding region of the
tropics could have asignificant effect also downwind at the ascending
region. This could have important implications for the possibility of
future marine cloud brightening, thatis, the deliberate enhancement
of marine cloud reflectance by local injections of aerosol particles that
serve as CCN*. Hence, these remote effects though large-scale circula-
tion adjustments should be accounted for in any examination of such
deliberate geoengineering activity.

Inconclusion, our study contributes to agrowing body of research
that seeks to understand the complexinteractions between aerosols,
clouds and the large-scale circulation'®**°"* with a specific focus
on ACI. By identifying the importance of considering the impacts of
ACl on a broader spatial-temporal scale, we hope to inspire further
research and collaboration to advance our understanding of these
crucial processes.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Model description and experimental design

Version 6.11.7 of the SAM® is used here, together with a two-moment
bulk microphysical scheme**. In the simulations presented here, we
alter the CCN concentration (N,, evaluated at 1% super-saturation)
between three different, vertically uniform levels (20, 200 and
2,000 cm), covering a large, but observationally plausible, range of
conditions (Supplementary Fig.14). The activation of CCN at the cloud
base is parameterized following ref. 45. The Twomey effect® of both
liquid and ice is considered. This is done by passing the cloud water
and ice-crystal effective radii from the microphysical scheme to the
radiation scheme. In these simulations, direct interactions between
aerosols and radiation are not considered. Subgrid-scale fluxes are
parameterized using Smagorinsky’s eddy diffusivity model, and gravity
waves are damped at the top of the domain. Concentrations of CO, are
setat pre-industrial level 280 ppm). The O, vertical profile is similar to
thatinref.14 and represents a typical tropical atmosphere. Other trace
gases (such as CH, and N,0) are neglected for simplicity.

Following the Radiative-Convective Equilibrium Model Intercom-
parison Project (RCEMIP) protocol for the large-domain simulations
(RCE_large)™, the domain size is set to 6,144 x 384 km?, with horizon-
tal grid spacing of 3 km and doubly periodic boundary conditions.
Sixty-four vertical levels are used in the mock-Walker simulations
between 25 m and 27 km, with vertical grid spacing increasing from
50 m near the surface to roughly 1km at the domain top. A time step
of 12 sis used, and radiative fluxes are calculated every 5 min using
the CAM radiation scheme*®. The CRE is calculated by subtracting
the clear-sky from the all-sky TOA radiative fluxes (R — R jc,r-sky)- The
output resolution for all fields is 1 h. Following the RCEMIP protocol,
anetinsolation close to the tropical-mean value is set by fixing the
incoming solar radiation at 551.58 W m, with a zenith angle 0f 42.05°.
A small thermal noise is added near the surface at the beginning of
the simulation toinitialize convection. The initial conditions for each
simulation are based onthelast 30 days of a150-day-long small-domain
RCE simulation for each SST (as described below). The simulations
are conducted with an SST gradient along the long dimensions (X) of
the domain (mock-Walker). The SST distribution is set as a sinusoidal
function of X (Fig.1). The SST range in this caseis 5 K, which resembles
the range observed over the tropical Pacific ocean’.

In addition to the mock-Walker simulations, another set of simu-
lations is conducted with homogeneous SST distribution (RCE_large,
following the RCEMIP protocol) for comparison. In this case, we use
68levelsup to31 km. Sensitivity tests demonstrate that the reduction
in the number of vertical grid points in the mock-Walker simulations
compared with the RCE_large simulations has no effect on the general
conclusion of this paper. Up to the height of 27 km, the grid spacing is
similar between the two sets of simulations (see more details about
these two sets of simulation below).

For each set of simulations (RCE_large and mock-Walker), three
domain-mean SSTs are considered: 295, 300 and 305 K. For each SST
level and distribution, three simulations are conducted with the three
different levels of N,. That is, 18 baseline simulations are considered
(two SST distributions x three domain-mean SSTs x three N, concentra-
tions), besides the mechanism denial, transient and non-uniform N,
simulations described below. The RCE_large simulations are integrated
for 200 days. This is twice the time required in the RCEMIP protocol.
Thelast100 days of each simulation are used for the statistical analysis.

The mock-Walker simulations are integrated for 400 days, and the
last 300 days of each simulation are used for the statistical analysis.
In this case, a longer statistical sampling is needed, as in many of the
simulations some of the domain-mean properties oscillate strongly
with time with a few tens of days period (Supplementary Fig. 15). The
reasons behind the oscillations deserve aseparate study, but this does
not significantly affect the domain-mean properties when averaged
over 300 days. For example, the main conclusions of this paper do not

change if we base them on averages over the last 200 days rather than
over the last 300 days of the simulations. The mock-Walker domains
are divided to two parts dominated by shallow or deep convection.
This deviation is done by two methods to assess the robustness of the
results. The firstmethod of division is based on the SST, with SST below
the domain mean and above it referred to as the shallow and deep
part, respectively (Fig. 1d, black vertical lines). The second method of
divisionis based on the time-mean mid-troposphere vertical velocity
(Ws00), With wgy, > O referred to as the deep part and wi,, < 0 as the shal-
low part. We calculate the fluxes of water vapour and dry static energy
out of the shallow- or deep-dominated regimes as P— Fand L,P+Q,
respectively, where Pis the precipitation, Eisthe evaporation, L,is the
latent heat of vapourization and Qis the atmospheric diabatic heating
due toradiative fluxes and surface sensible heat flux*’.

The 95% confidence intervals are presented in the different fig-
ures. In computing the confidence intervals, we accounted for serial
correlation using 100 days for the maximum lag for autocovariance
estimations (whichislonger than the few tens of days variability; Sup-
plementary Fig. 15). The results do not significantly change if we use
50 daysinstead.

Mechanism denial experiment

Toexamine therole of the enhanced surface wind speed in enhancing
the surface evaporation andincreasingthe cloudiness, we conductan
additional set of mock-Walker simulations in which the surface wind
speedisfixed at3 m s only for the surface fluxes calculation. This value
was chosen as it represents the typical values observed in the shallow
regime of the interactive surface fluxes simulations (Fig. 3j). We run
these simulations for the three N, concentrations considered here with
SST of 300 K. This is done in order to ‘turn off’ the feedback between
N, and surface evaporation, to evaluate its role. Here again, the simu-
lations are integrated for 400 days and the last 300 days are used for
the statistical analysis. Examining the distribution of cloud top height
between the baseline (N, =20 cm™) mechanism denial simulation
and theregular simulation demonstrates that there are no significant
differencesin the cloud regime distribution (Supplementary Fig. 16).
Hence, differences between these simulations cannot be explained
solely by ashiftin the cloud regimes.

Transient simulations

To estimate the relative importance of cloud adjustments from local
ACl and cloud adjustments from large-scale circulation changes, and
to evaluate the time required for the large-scale circulation adjust-
ments, we conducted four additional 100-day-long transient simula-
tions branching off the mock-Walker simulation conducted with SST
of 300 K and N, of 20 cm™ at different times (after 100, 200, 300 and
400 days of the original simulation). These transient simulations were
conducted with a higher N, of 2,000 cm™ to maximize the response.
As these four different simulations were initiated with different ini-
tial conditions but after the spin-up of the first 100 days, they allow
evaluation of the transient response of the circulation and clouds to
the aerosol perturbation. We note that four ensemble members are
not sufficient to cover the entire spectrum of possible initial condi-
tions and do not eliminate completely the role of internal variability.
However, the fact that the ensemble-mean difference stabilizes during
the last 50 days of the simulation at around the difference seenin the
original, longer (400 days), runs, gives us confidence in its ability to
capture the main trends.

Non-spatially uniform N, simulations

To evaluate the relative importance of the aerosol effect on deep and
shallow clouds on the large-scale circulation adjustments, we conducted
six additional 400-day-long simulations in which N, is not spatially
uniform but concentrated in the high- or low-SST region (referred to
asdeep and shallow concentrated pollution, orinshort Deep_POL and
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Shallow_POL, respectively). Thisis done by applying an N, distribution
alongthe x axis which resembles, or has an opposite phase to, the SST
distribution (Supplementary Fig. 10). Each N, distribution was used
under the three different domain-mean SSTs.

N, observations

We use an observational-based data set of N, (ref. 35). Our results indi-
catethataerosolloadingin the subsiding region of the tropical Pacific
is key for the large-scale circulation adjustments and that the aerosol
perturbationshould last for atleastamonth for the large-scale circula-
tion adjustments to take place. Hence, we focus on monthly variations
of log N,over the subsiding region of the tropical Pacific (-10°to 10°N,
80°t0130°W; Supplementary Fig.14). The N, dataset spans15.5 years
in which the total range of monthly mean N, in the boundary layer in
our region of interest is 230-1,260 cm™.

Data availability
Thedatapresentedinthis study are publicly available at https://zenodo.
org/record/7707639.

Code availability
SAM is publicly available at http://rossby.msrc.sunysb.
edu/~marat/SAM/.
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