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Abstract Aerosol-cloud interactions are a persistent source of uncertainty in climate research. This study
presents findings from a model intercomparison project examining the impact of aerosols on clouds and climate
in convection-permitting radiative-convective equilibrium (RCE) simulations. Specifically, 11 different
modeling teams conducted RCE simulations under varying aerosol concentrations, domain configurations, and
sea surface temperatures (SSTs). We analyze the response of domain-mean cloud and radiative properties to
imposed aerosol concentrations across different SSTs. Additionally, we explore the potential impact of aerosols
on convective aggregation and large-scale circulation in large-domain simulations. The results reveal that the
cloud and radiative responses to aerosols vary substantially across models. However, a common trend across
models, SSTs, and domain configurations is that increased aerosol loading tends to suppress warm rain
formation, enhance cloud water content in the mid-troposphere, and consequently increase mid-tropospheric
humidity and upper-tropospheric temperature, thereby impacting static stability. The warming of the upper
troposphere can be attributed to reduced lateral entrainment effects due to the higher environmental humidity in
the mid-troposphere. However, models do not agree on aerosol impacts on convective updraft velocity based on
the preliminary examination of high-percentiles of vertical velocity at a single mid-troposheric layer (500 hPa).
In large-domain simulations, where convection tends to self-organize, aerosol loading does not consistently
influence self-organization but tends to reduce the intensity of large-scale circulation forming between
convective clusters and dry regions. This reduction in circulation intensity can be explained by the increase in
static stability due to the upper tropospheric warming.

Plain Language Summary Aerosols, small particles suspended in the atmosphere, influence cloud
properties by acting as nuclei for cloud droplet formation. These aerosol-cloud interactions (ACI) introduce
uncertainties in climate research, making it essential to improve our understanding of them. This paper presents
findings from a model intercomparison project that examines the impact of aerosols on clouds and climate in
simulations that directly represent cloud processes under idealized equilibrium climate conditions. We show
that cloud responses to aerosols vary substantially across models, though certain consistent responses emerge.
Specifically, increased aerosol loading generally suppresses initial rain formation, which in turn alters the
thermodynamic conditions of the atmosphere. We also discuss how these thermodynamic changes influence the
large-scale atmospheric circulation.
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1. Introduction

Human activities release aerosols and precursor gases into the atmosphere, many of which act as cloud
condensation nuclei (CCN), affecting cloud droplet formation. Consequently, cloud droplet number concentra-
tions (CDNC) generally increase with rising aerosol levels (Squires, 1958), affecting cloud radiative (Two-
mey, 1974) and macro-physical (Albrecht, 1989; Wall et al., 2022) properties, thereby influencing climate via
radiative effects (Bellouin et al., 2020) and the hydrological cycle (Stier et al., 2024). These aerosol-cloud in-
teractions (ACI) introduce substantial uncertainties in climate projections (Bellouin et al., 2020; Forster
et al., 2024), underscoring the importance of improving our understanding of them.

An increase in CDNC due to elevated CCN levels reduces mean droplet size and raises cloud albedo for a given
liquid water path, as described by the Twomey effect (Twomey, 1974). Smaller droplets, with a more narrow size
distribution, can delay rain formation, potentially increasing cloud coverage and water content (Albrecht, 1989;
Bellouin et al., 2020; Wall et al., 2022). However, uncertainties surrounding these effects remain substantial
(Stevens & Feingold, 2009). For instance, higher CDNC may also reduce cloudiness due to a faster droplet
evaporation at cloud edges, and more efficient mixing with the surrounding environment (Dagan et al., 2017;
Glassmeier et al., 2021). Thus, the overall net impact of aerosols on clouds remains an open question.

While these mechanisms primarily pertain to shallow clouds, aerosols can also influence deep convective clouds.
Delays in warm rain formation, which lead to larger amounts of liquid water being transported above the freezing
level, can enhance latent heat release through freezing, thereby strengthening updrafts and potentially invigo-
rating convective cloud development (Rosenfeld et al., 2008; Williams et al., 2002). However, this “cold-phase
invigoration” mechanism is substantial only if the added water loading's negative impact on buoyancy does not
offset the positive latent heating effect (Igel & van den Heever, 2021; A. C. Varble et al., 2023).

Moreover, under equilibrium conditions, as simulated in this work, the tropical atmospheric temperature profile is
governed by convection (Sobel et al., 2001). As a result, buoyancy and vertical velocities in clouds are unlikely to
be influenced by the amount of latent heating at the upper levels (Seeley & Romps, 2016). In the warm, liquid-
dominated regions of deep convective clouds, increased droplet concentrations may improve condensation ef-
ficiency, further invigorating clouds (‘“warm-phase invigoration” or better “condensational invigoration”; (Fan
etal., 2018; Igel & van den Heever, 2021; Koren et al., 2014; Lebo, 2018; Sheffield et al., 2015)). However, these
mechanisms remain a topic of debate, and their overall importance is still unclear (Romps et al., 2023; Stier
et al., 2024; A. Varble, 2018; A. C. Varble et al., 2023).

In addition to the impact of aerosols on cloud-scale dynamics, further research emphasizes the role of aerosol-
induced large-scale environmental changes (Abbott & Cronin, 2021; Dagan et al., 2023). Specifically, the sup-
pression of warm rain formation by aerosols leads to more liquid water remaining within clouds and more water
vapor persisting in the surrounding environment, resulting in a net humidification of the lower to mid-troposphere
(Abbott & Cronin, 2021). This enhanced environmental humidity reduces the efficiency of entrainment-driven
evaporative cooling, allowing rising cloud parcels to remain warmer. Due to the weak temperature gradient
approximation in the tropics, this warming of convective parcels also translates into warming of the upper free
troposphere (Abbott & Cronin, 2021). These changes in the vertical temperature structure modify the atmospheric
static stability and can, in turn, influence large-scale circulation patterns (Dagan et al., 2023).

In addition, this tropospheric warming and enhanced static stability affect anvil cloud cover in ways similar to the
iris-stability mechanism associated with sea surface temperature changes (Bony et al., 2016; Lorian &
Dagan, 2024). In addition, given the strong coupling between clouds and large-scale atmospheric circulation
(Bony et al., 2015), aerosol-driven modifications in cloud properties can influence large-scale circulation and
cloud regimes' development (Christensen et al., 2020; Dagan et al., 2023; Goren et al., 2019). For example, delays
in warm rain formation can prolong cloud regime transitions in the tropics (Christensen et al., 2020; Goren
et al., 2019). This delay is expected to increase water vapor transport to other regions, potentially impacting
circulation patterns on a large scale (Abbott & Cronin, 2021; Dagan et al., 2023). In addition to the large scale,
changes in latent heating profile can impact mesoscale circulations (Fan et al., 2012; Zang et al., 2023).

This paper presents results from a 3D cloud-resolving model (CRM; i.e., using a few km grid spacing) inter-
comparison project (MIP), conducted under the auspices of GEWEX (Global Energy and Water Exchanges)
program, that utilizes the Radiative-Convective-Equilibrium MIP (RCEMIP) framework with a focus on ACI
(RCEMIP-ACI). RCE represents the equilibrium state the atmosphere would attain in the absence of lateral
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energy transport (Held et al., 1993; Jakob et al., 2019; Manabe & Wetherald, 1967). This idealized setup provides
a reasonable approximation of the collective large-scale tropical (characterized by net precipitation) and sub-
tropical (characterized by net evaporation and radiative cooling) regimes of the atmosphere (Dagan & Stier, 2020;
Jakob et al., 2019). It is important to note that, in the real atmosphere, circulation and energy exchanges between
the subtropics and deep tropics play a crucial role in maintaining conditions close to RCE (Dagan, Stier, Dingley,
& Williams, 2022; Jakob et al., 2019).

This MIP follows a previous, non-aerosol-focused MIP known as RCEMIP (Wing et al., 2018, 2020). The
RCEMIP protocol eliminates rotation, maintains uniform solar insolation, and prescribes horizontally uniform sea
surface temperatures (SST). Despite these simplifications, RCE simulations adequately approximate the col-
lective tropical-subtropical conditions due to minimal Coriolis forces and the high heat capacity of the oceans.
The RCE framework has been used for decades to study convection (Held et al., 1993; Manabe & Wether-
ald, 1967; Muller & Held, 2012; Silvers et al., 2023; Stephens et al., 2008; Tompkins & Craig, 1998; Wing
et al., 2020) and, specifically, the role of aerosol-radiation interactions in convective development and aggre-
gation (Dagan & Eytan, 2024; Dingley et al., 2021). However, despite a few recent studies (van den Heever
et al.,, 2011; Beydoun & Hoose, 2019; Dagan, 2024; Lorian & Dagan, 2024), it remains underutilized for
studying ACL

The goal of this RCEMIP-ACI is to compare cloud responses to aerosol perturbations across a range of envi-
ronmental SST conditions, focusing specifically on the simplified case of RCE. This contrasts with a previous
MIP, which concentrated on the transient response (Marinescu et al., 2021). While the equilibrium response may
overestimate the effects of aerosols on environmental conditions (Dagan, Stier, Spill, et al., 2022; Spill
et al., 2021), this setup allows us to explore the sensitivity of RCE climate, cloud feedbacks (Dagan, 2022a),
precipitation efficiency (Lutsko & Cronin, 2018), and convective aggregation (Beydoun & Hoose, 2019; Muller
& Held, 2012) to the baseline state of assumed aerosol or cloud droplet concentrations. Furthermore, given the
recent rise in RCE studies (Wing et al., 2020), it is important to assess the sensitivity of their results to the assumed
aerosol concentrations. In addition, focusing on the equilibrium state—rather than the transient response—is
more relevant for examining how clouds, large-scale circulation, and climate respond to persistent aerosol
sources, as opposed to short-lived perturbations. Such persistent sources include industrial emissions, shipping
corridors, and potential future marine cloud brightening activities (Christensen et al., 2022; Diamond et al., 2020;
Latham et al., 2012). This paper presents the intercomparison protocol, the data set and initial analysis.

2. RCEMIP-ACI Simulations

A total of 11 modeling teams participated in RCEMIP-ACI (see Table 1). Each of the teams run the cloud-
resolving model (CRM) simulations introduced in RCEMIP (Wing et al., 2018) under three different levels of
CCN or CDNC (for simplicity, both will be denoted here as N,,). Models using CCN perturbations prescribed their
near-surface concentrations at 1% supersaturation to 20, 200, and 2,000 cm=3. Models using CDNC perturbation
set the concentration to 20% less than the CCN perturbations mentioned above, that is, 16, 160, and 1,600 cm™, to
account for the fact that not all CCN will be activated. The aerosol concentrations are prescribed as vertically
uniform in most models, except in RAMS, where they are assumed to decrease with height in proportion to air
density, and in WRF_progSS, which applies the Twomey activation formula (Twomey, 1959) with adjusted
coefficients to yield CDNC values of 16, 160, and 1,600 cm™ at 1% supersaturation in the different cases.

Aerosol-radiation interactions are not included in this MIP. Seven of the models account for a direct interaction
between microphysics and radiation (i.e., including the Twomey effect (Twomey, 1974) for both liquid and ice;
see Table 3). The large N, range considered here is useful for establishing physical understanding. In addition, we
note that observational-based studies (e.g., Choudhury and Tesche (2023)) show the plausibility of the N, range
considered here. Only three of the models—RAMS, SAM_P3ice and WRF_progSS—do not employ saturation
adjustment (i.e., immediately restoring air to saturation) for condensation and evaporation and hence can
potentially better represent the relevant physics for warm phase invigoration (Koren et al., 2014).

Four model configurations are included in this study (Table 2), following the setup of Wing et al. (2018). As the
modeling setup was detailed in Wing et al. (2018), we will only provide a brief overview here.

The small-domain simulations (RCE_small) use a domain size of approximately 100 x 100 km? (see Table 2).
These smaller domains minimize the effects of convective self-aggregation (Muller & Held, 2012; Wing
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Table 2 et al., 2018), making them suitable for studying local clouds and radiation

Simulation Configurations Included in the Model Intercomparison Project impacts. Three grid configurations are considered for RCE_small:

Simulation type

Grid spacing ~ Vertical levels 1. RCE_small: grid with 1 km horizontal spacing and 74 vertical levels, as

RCE_large
RCE_small
RCE_small_les
RCE_small_vert

~ 6000 x 400 km?
~ 100 x 100 km?
~ 100 x 100 km?
~ 100 x 100 km?

3 km ~T74 defined in Wing et al. (2018).

2. RCE_small_vert: Same horizontal grid spacing of 1 km but with
approximately twice the vertical resolution (146 levels), to test sensitivity
to vertical resolution.

1 km 146 3. RCE_small_les: Higher horizontal (200 m) and vertical (146 levels) res-

1 km ~T74
200 m 146

olution, simulating large eddy simulations (LES) for fine-scale processes.

In the analysis presented in this paper, we combine all three RCE_small domain simulations for simplicity. As a
result, we include 14 different RCE_small simulation sets (see Table 3). Future work will explore the sensitivity
of the aerosol response to both vertical and horizontal resolution. However, to provide an initial view of the
resolution dependency of our results, in Text S1 in Supporting Information S1 we present the results separated by
the simulation resolution, for the interested reader.

Additionally, large-domain simulations (RCE_large) use a domain size of approximately 6000 x 400 km* with a
horizontal grid spacing of 3 km. These simulations capture convective self-aggregation (Muller & Held, 2012;
Wing et al., 2018) and large-scale circulation formed by interactions between convective clusters and surrounding
dry, subsiding regions (Dagan, 2024; Silvers et al., 2023). This large-domain setup is valuable for examining the
role of clouds in large-scale phenomena.

Most models conducted the RCE_small and RCE_large simulations, while two models conducted the RCE_s-
mall_vert and RCE_small_les simulations (Table 3). For each configuration, each model conducted nine simu-
lations under three different SSTs—295, 300, and 305K and three different N, for each SST.

Other than that, we follow Wing et al. (2018): the concentration of CO, is fixed at pre-industrial level (280 ppm)
and other trace gas concentrations are set identical to Wing et al. (2018). In addition, the solar insolation is set
close to the tropical-mean value, by fixing the solar radiation at 551.58 W m~2, with a zenith angle of 42.05°
(Wing et al., 2018). A diurnal cycle is not considered here and we used the initial conditions, simulation length
(100-day), and domain top for all configurations (33 km) as defined in Wing et al. (2018). The statistical analysis
is based on the last 30-day of each simulation in which the simulations are close to RCE conditions. The output
variables and their time frequency, provided by the different models, are listed in Tables S1-S4 in Supporting
Information S1. WRF_progSS did not output the 2D vertical velocity at the 500 hPa level. Thus, we use here
interpolated data from the 3D output. In addition, this model did not use the same vertical levels as defined in
Wing et al. (2018) but instead used a different grid with the same number of vertical levels (74) and the same
domain top (33 km).

Table 3

Simulation Configuration Conducted by Each Model

Model RCE_large RCE_small RCE_small_les RCE_small_vert Twomey effect represented
DALES v v v
MicroHH v v v v
MESONH v v

ICON v v v
DAM v v

RAMS v v v
SAM_M2005 v v v
SAM_P3ice v v v
XSHIELD v v

WREF_IITM v v

WREF_progSS v v v
Number of models 9 10 2 2 7
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DALES was inadvertently run with a homogeneous setting for the surface scheme, where surface fluxes are
calculated from the mean wind instead of the local wind. This decreases the surface fluxes and results in a lower
liquid water path. However, we expect this setting not to directly affect the response to perturbing the cloud
droplet number concentration.

To compactly represent model responses across the large data set presented here (207 simulations in total), many
of the analyses below focus on the difference between the most polluted and the cleanest cases, divided by two.
This provides an estimate of the response to an order-of-magnitude increase in aerosol concentration. The cor-
responding responses based on the two other available aerosol concentration contrasts are presented in the
Supporting Information S1. In most cases, the responses are approximately linear and do not strongly depend on
which aerosol concentration difference is used for their calculation. In addition, where appropriate, we average
the results across models for a given simulation configuration and present the interquartile range to convey the
spread and variability among the different models.

3. Results and Conclusions
3.1. Aerosol Impact on Domain Mean Properties

We start by examining the impact of aerosol on domain and time mean properties such as top of atmosphere
(TOA) outgoing shortwave radiation (OSR), TOA outgoing longwave radiation (OLR), liquid water path (LWP;

vertically integrated liquid water content), ice water path (IWP; vertically integrated ice content), and surface

dOSRss. o
i ogSAS,T' tends to be positive in most models and SSTs,

representing an increase in shortwave reflection at TOA with an increase in aerosol loading. However, some

precipitation (P; Figure 1). Figure 1a demonstrates that

OSRsst. . . .
> for some of the SSTs, and the interquartile range also covers negative

. d
models demonstrate a negative
d logN,

values in many of the cases.

Similarly, the LWP response (Figure 1c) also tends to be positive on average (especially in the RCE_large
simulations) but small and noisy (i.e., negative in some of the models). On the other hand, the OLR, IWP, and P
response (Figures 1b, 1d, and 1e) demonstrates no consistent trend with NV, across models and SSTs. This weak
radiative sensitivity to aerosol loading in RCE simulations is consistent with a previous single-model-based study
(Dagan et al., 2023) and is argued to be driven by the fact that RCE simulations mostly produce deep convective
clouds (C. Stauffer & Wing, 2023; C. L. Stauffer & Wing, 2024), which are less sensitive to aerosol loading than
shallow clouds (Wall et al., 2022).

Further examination of the response of vertical profiles of liquid water in the clouds (qc) to an increase in N,
(Figures 2a and 2b) suggests that in all model configurations and SSTs examined here, an increase in N, acts to
increase g, in the lower to mid-troposphere (at the layer between 1 and 5-6 km). This trend is in agreement with
previous studies (Abbott & Cronin, 2021; Albrecht, 1989; Dagan et al., 2023; Lorian & Dagan, 2024; Marinescu
et al., 2021) and can be explained by warm rain suppression due to an increase in N, at the lower troposphere
(Figures 2c and 2d). The positive g. response at the mid-troposphere is partially counteracted in the boundary
layer (at roughly the lower 1 km), which results in a weak total LWP response (Figure 1c).

The increase in g, in the mid-troposphere provides additional cloud water for detrainment aloft, leading to higher
water vapor content (g,; Figures 3a and 3b). This response is consistent across all model configurations and SSTs,
aligning with previous findings from single-model simulations (Abbott & Cronin, 2021; Dagan, 2024; Lorian &
Dagan, 2024), thereby demonstrating its robustness.

Furthermore, consistent with earlier single-model RCE simulations (Abbott & Cronin, 2021; Dagan, 2024; Lorian
& Dagan, 2024), our multi-model mean data set also shows that the mid-tropospheric increase in ¢, is accom-
panied by a rise in air temperatures, peaking in the upper troposphere (Figures 3c and 3d). This pattern can be
attributed to reduced entrainment cooling effect with increased g,, which relatively warms convective air (Abbott
& Cronin, 2021; Singh & O'Gorman, 2013) and affects the domain mean temperature profile (Sobel et al., 2001).
The resulting upper-tropospheric warming affects atmospheric static stability (Lorian & Dagan, 2024) and is thus
expected to influence large-scale circulation (see Section 3.4 below; (Silvers et al., 2023)). We note that in
Figure 3, the intermodel spread is larger in the RCE_large compared with the RCE_small simulations, which we
speculate could be driven by differences in the baseline level of convective organization.
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Figure 1. Domain and time mean N,-driven response of: (a) top of atmosphere (TOA) outgoing shortwave radiation (OSR),
(b) TOA outgoing longwave radiation (OLR), (c) liquid water path (LWP), (d) ice water path (IWP), and (e) surface
precipitation (P), for the different aerosol contrasts and sea surface temperatures (the different colors). Error bars represent
the interquartile range of the different models.
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Figure 2. Domain and time mean N,-driven multi-model mean response of the vertical profile of: (a, b) cloud liquid water
content (qc), and (c, d) rain water content (q,), for the different model configurations and sea surface temperatures (the
different colors). Shaded areas represent the interquartile range of the different models. This figure is based on the difference
between the most polluted (2000 cm~2) and cleanest (20 cm™) simulations in each model, divided by two to represent the
response to an order-of-magnitude change in aerosol concentration. The responses based on the two other available aerosol
contrasts (200-20 and 2,000-200 cm™) are presented in Figures S1 and S2 in Supporting Information S1, while the baseline
vertical profiles of g. and g, are shown in Figure S3 in Supporting Information S1.

In addition, an aerosol-driven increase in upper-tropospheric static stability has previously been shown to reduce
anvil cloud coverage through a mechanism analogous to the stability iris effect (Bony et al., 2016; Lorian &
Dagan, 2024). In this mechanism, increased static stability weakens the clear-sky subsidence required to balance
radiative cooling. This leads to a reduction in radiatively driven divergence in the upper troposphere, which in turn
decreases detrainment and, consequently, anvil cloud fraction. This response is illustrated in Figure 4, which
shows a consistent reduction in upper-tropospheric cloud fraction with increasing aerosol loading, across a range
of SSTs, domain configurations, and models.
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Figure 3. Domain and time mean N,-driven multi-model mean response of the vertical profile of: (a, b) water vapor content
(qv), and (c, d) air temperature (7'), for the different model configurations and sea surface temperatures (the different colors).
Shaded areas represent the interquartile range of the different models. This figure is based on the difference between the most
polluted (2000 cm~3) and cleanest (20 cm~2) simulations in each model, divided by two to represent the response to an order-of-
magnitude change in aerosol concentration. The responses based on the two other available aerosol contrasts (200-20 and
2,000-200 cm™) are presented in Figures S4 and S5 in Supporting Information S1, while the baseline vertical profiles of g, and
T are shown in Figure S6 in Supporting Information S1.

3.2. Aerosol Impact on Convective Intensity

As the influence of aerosols on convection remains a topic of debate (Williams et al., 2002; Rosenfeld et al., 2008;
A. C. Varble et al., 2023; Romps et al., 2023), it is valuable to examine how convection intensity responds to
aerosol concentration in our multi-model simulations. To investigate this, we analyze high updraft velocities in
the different models (Wgg.999), Which represent the 99.999th percentile of vertical velocity at the 500 hPa level
over time and space. This metric approximates the maximum vertical velocity while being less sensitive to rare,
extreme values (Figures 5 and 6). The results presented here are not sensitive to the exact high percentile chosen,
as demonstrated in Figures S10-S15 in Supporting Information S1, which show similar responses for the 99.9th,
99.99th, and 99.9999th percentiles.
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Figure 4. Domain and time mean N,-driven multi-model mean response of the cloud fraction for the different model
configurations and sea surface temperatures (the different colors). Shaded areas represent the interquartile range of the
different models. This figure is based on the difference between the most polluted (2000 cm™2) and cleanest (20 cm™)
simulations in each model, divided by two to represent the response to an order-of-magnitude change in aerosol concentration.
The responses based on the two other available aerosol contrasts (200-20 and 2,000-200 cm~>) are presented in Figures S7 and
S8 in Supporting Information S1, while the baseline vertical profiles of the cloud fraction are shown in Figure S9 in Supporting
Information S1.

Figure 5a illustrates that convection intensity varies significantly among models in the RCE_small simulations,
with values spanning a factor of seven (ranging from 3 to 21 m s~!). The response of convection intensity to
aerosol concentration (Figure 5b) indicates that, within this modeling framework, on average, aerosols appear to
slightly invigorate convection intensity. However, the mean response is very small (<0.2 m s~! for all SSTs) and
not consistent across models. Specifically, only three of the 14 models demonstrate a positive response for all
SSTs (WRF_progSS, which uses fully prognostic supersaturation, DALES RCE_small_vert and SAM_P3ice).

Similarly, in RCE_large simulations, the magnitude of wgg 999 Varies significantly between the models, exhibiting
a multi-model range spanning a factor of four (Figure 6a; between 4 and 16 m s™!). Once again, the response of
Wo9.999 t0 aerosol concentration (Figure 6b) does not reveal a consistent trend across the models or SSTs.
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Figure 5. Convection intensity, defined as the 99.999th percentile of the vertical velocity (Wgq g99) at the 500 hPa level (a), and
the rate of change in wgg 999 With aerosol concentration (b) in RCE_small simulations in all models. Markers circled in red on
the right side of each panel indicate the multi-model mean. This figure is based on the difference between the most polluted
(2000 cm™3) and cleanest (20 cm™3) simulations in each model, divided by two to represent the response to an order-of-
magnitude change in aerosol concentration. The responses based on the two other available aerosol contrasts (200-20 and
2,000-200 cm™3) are presented in Figure S16 in Supporting Information S1.

These results suggest that aerosols do not consistently invigorate convection across the multi-model RCE sim-
ulations presented here in keeping with the previous MIP results (Marinescu et al., 2021). This conclusion holds
regardless of the vertical velocity percentile defined as strong convection (Figures S10-S15 in Supporting In-
formation S1). However, we acknowledge that the definition used here for invigoration is pretty narrow, and in
future work, we plan to investigate the sensitivity of vertical velocity to aerosol loading at different vertical levels
and stages of cloud development (Marinescu et al., 2021). It is also important to note that only three of the models
used in this study do not employ saturation adjustments (WRF_progSS, SAM_P3ice and RAMS). Hence, the
representation of the “warm-phase” invigoration mechanism (Fan et al., 2018; Igel & van den Heever, 2021;
Koren et al., 2014; Sheffield et al., 2015) might be partially lacking. These models that do not employ saturation
adjustments do demonstrate a slight increase in vertical velocity with an increase in aerosol concentration in
RCE_small but not in RCE_large. Additionally, a non-spatially-uniform aerosol perturbation (in contrast to the
uniform increase in aerosol concentration examined here) could have a stronger impact on large-scale conditions
and, consequently, invigorate convection (Abbott & Cronin, 2021). This possibility will also be explored in future
work.
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Figure 6. Convection intensity, defined as the 99.999th percentile of the vertical velocity (Wgg g99) at the 500 hPa level (a), and
the rate of change in wog 999 With aerosol concentration (b) in RCE_large simulations in all models. Markers circled in red on
the right side of each panel indicate the multi-model mean. This figure is based on the difference between the most polluted
(2000 cm™3) and cleanest (20 cm™3) simulations in each model, divided by two to represent the response to an order-of-
magnitude change in aerosol concentration. The responses based on the two other available aerosol contrasts (200-20 and
2,000-200 cm™3) are presented in Figure S17 in Supporting Information S1.

3.3. Aerosol Impact on Convective Aggregation

It is widely appreciated that convection tends to aggregate in large-domain RCE simulations (Muller &
Held, 2012; Wing et al., 2020). Figure 7 presents two organization metrics for all RCE_large simulations—the
organization index (io) and subsidence fraction (]@B) (Tompkins & Semie, 2017; Wing et al., 2020). Although
there are many organization indices (see Biagioli and Tompkins (2023) for a review), iy, is a widely used
clustering metric that evaluates how the distribution of deep convective entities compares to a random distribution
by analyzing nearest neighbor distances (Tompkins & Semie, 2017; Weger et al., 1992). fsp represents the fraction
of the domain area where the daily average large-scale vertical velocity at 500 hPa is downward. This vertical
velocity is first averaged over a day in time and over spatial blocks of approximately 100 x 100 km?. The more
aggregated the system, the more spatially concentrated the updrafts and the more widespread the subsidence,
hence fgp increases with the level of aggregation. These values are defined and calculated as in Wing et al. (2020).
Values above 0.5 for both metrics represent an aggregated state (Tompkins & Semie, 2017; Wing et al., 2020).

DAGAN ET AL.

12 of 19

95US017 SUOWILIOD BA1TES1D 3|qetjdde ay) Aq pausAoB aJe Sapile YO ‘3sN JO SN o} Afeiqi8uljuO AB]1A UO (SUONIPUCO-PUE-SLLBYW0 A8 | 1 AReiq 1 pui|uo//SdNy) SUONIPUOD PUe SIS 1 U1 38S *[G202/2T/LT] o ARigiauliuo A8|im ‘9iBojouyse ] ind Imisu| Jeynssiey Aq T¥TS00S NGZ02/620T OT/10p/wod A3 |1m Arelq1jpuljuo'sgndnBe//sdny woaj pepeojumod ‘TT ‘G202 ‘99vZer6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems

10.1029/2025MS005141

Aggregation metric

0.9 ) [
o
& 3 .
0.8 Q o e % o@,
fse 074 o) & e &
? 8 e & v ? ¥
06| @ [ 1) > & e
Iorg ﬁ 8
054 295K e 20cm~3 &
: [5)
300K e 200cm™3 Y
0a{ © 305K ® 2000cm~3 .
' ' ' ' Model ' ' ' '
Rate of change in aggregation metric with aerosol concentration
0104 e 295K °
® 300K
N | ® 305K
df 005
dlogN, ° °® ® e
@ o o °
0.00 —@ ? & ‘e * s — 5
. ee e .Q o
o o . ®
dlogN,=0- P
—0.101
N '\&\ ' e > 9 © @
& e &@ & {(\f & & & é)o$
N & F <5 © N
& ) &
Model

Figure 7. Degree of aggregation (a), and the rate of change in the degree of aggregation with aerosol concentration (b) in
RCE_large simulations for all models. The degree of aggregation is based on subsidence fraction ( fz; red circles), and i,y
(blue circles), calculated for the last 30-day of the simulations.

Figure 7a demonstrates that, other than many of the WRF_IITM simulations and one simulation conducted with
MESONH, all large-domain simulations are aggregated.

Examining the change in the aggregation metrics with an increase in N, for each SST (Figure 7b) reveals no
consistent trend. Most models exhibit a mean change close to zero (within +0.05) for all SSTs, with only two
models showing changes outside this range for a single SST and one aggregation matrix. Specifically, for

XSHIELD, ;{2 at an SST of 305 K is approximately —0.06, while for MESONH, & at an SST of 305 K is

roughly 0.1.

This lack of consistent aggregation sensitivity to aerosol concentration places the results of the previous single-
model RCE study (Beydoun & Hoose, 2019)—which found a reduction in convective aggregation with increasing
aerosol concentration—into a broader context, demonstrating that the aerosol effect on aggregation is strongly
model-dependent. Why aggregation is insensitive in a consistent way to aerosols in our multi-model ensemble
deserves a separate study. However, as cloud-longwave radiation interactions were shown to be the biggest
drivers of self-aggregation in RCEMIP (Pope et al., 2023), we can speculate that the lack of consistent aggre-
gation sensitivity to aerosol concentration is driven by a non-consistent change in OLR and in IWP (Figure 1),
which strongly impacts longwave radiation.
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Figure 8. Circulations intensity (a; I), and the rate of change in 7 with aerosol concentration (b) for RCE_large simulations in
all models. Markers circled in red on the right side of each panel indicate the multi-model mean. This figure is based on the
difference between the most polluted (2000 cm™3) and cleanest (20 cm™) simulations in each model, divided by two to
represent the response to an order-of-magnitude change in aerosol concentration. The responses based on the two other available
aerosol contrasts (200-20 and 2,000-200 cm™>) are presented in Figure S18 in Supporting Information S1.

3.4. Aerosol Impact on Large-Scale Circulation Intensity

As noted in previous studies (Dagan, 2024; Silvers et al., 2023), RCE_large simulations exhibit the formation of a
large-scale circulation between convective clusters and the surrounding dry regions. This type of circulation
develops even under spatially uniform SST conditions and is therefore distinct from more realistic large-scale
circulations—such as the Hadley or Walker cells—which are driven by horizontal SST gradients.

For evaluating the strength of the overturning tropical circulation formed in these RCE_large simulations, we
follow previous studies (Bony et al., 2013; Dagan, 2024; Medeiros et al., 2015; Silvers et al., 2023) and examine
1, which is defined as follows:

I=w-w (1)

In Equation 1, w' represents the time- and domain-mean upward vertical velocity, and w' represents the time- and
domain-mean downward vertical velocity at the 500 hPa level. To examine the large-scale circulation, we first
coarsen w to a grid with blocks of 96 X 96 kmz, as done, for example, in Silvers et al. (2023). The multi-model
range of I is shown to be approximately a factor of three (Figure 8a), again highlighting that even in RCE
simulations, models exhibit a high degree of variability (Silvers et al., 2023).
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Examining the impact of increased N, concentration on large-scale circulation intensity (Figure 8b) shows that, in
most models, it tends to reduce circulation intensity. Specifically, this reduction occurs in 8, 7, and 6 out of 9
models for SSTs of 295, 300, and 305 K, respectively. Consequently, the multi-model mean exhibits a reduction
of approximately 0.001 m s~!, representing a weak but SST-consistent decrease of about 5% for an order of
magnitude increase in N,,.

This general weakening of large-scale circulation intensity with increasing aerosol concentration contrasts with
findings from a previous single-model RCE study (Dagan, 2024). However, it is important to note that in
Dagan (2024), w was not coarsened to a grid with blocks of 96 x 96 km?, as we did here. This methodological
difference is likely to explain the contrasting conclusions between our results and those of Dagan (2024). (In the
multi-model mean, the change in 7 is positive when calculated based on the grid-box vertical velocity for all
SSTs, but becomes negative when calculated using the large-scale (96 x 96 km?) vertical velocity).

Additionally, recent studies have shown that aerosols tend to intensify large-scale circulation intensity in the
presence of a more realistic, persistent, and geographically oriented tropical overturning circulation (e.g., a mock
Walker setup (Dagan, 2022b; Dagan et al., 2023)). However, the proposed mechanism for this intensification
involves interactions between shallow cloud and deep cloud regimes. Since RCE simulations generally lack a
shallow cloud regime (C. Stauffer & Wing, 2023; C. L. Stauffer & Wing, 2024; Wing et al., 2020), the dominant
mechanism in our simulations must be different.

For a better understanding of the causes of the weak decrease in large-scale circulation intensity with aerosol
concentration in our simulations, we adopt the weak temperature gradient approximation (Sobel et al., 2001).
Based on this theoretical approximation, in the tropics, radiative cooling in the clear-sky free troposphere is
balanced by warming associated with adiabatic subsiding motions. Thus, the free troposphere clear-sky energy
budget can be formulated as follows:

Qr = _Swd (2)
where Q,. is the radiative cooling rate, @, is the clear sky vertical velocity, and § is the static-stability defined as:

T 00

S=—§£ 3)

where 7 is the air temperature, @ is the potential temperature and p is the pressure.

Based on this theoretical argument, changes in large-scale circulation intensity (dominated by w,) can be driven
by either changes in radiative cooling (Q,) or static stability (S). While previous work has shown considerable
variability in the RCEMIP archive regarding the relevant variables in Equation 2 (Silvers et al., 2023), the
radiative-subsidence balance (Equation 2) remains a useful framework for examining the causes of changes in
circulation intensity.

Therefore, in Figure 9, we present the aerosol-driven change in S (Figure 9a) and Q, (Figure 9b), versus the
change in Z, for all RCE_large simulations. These quantities are evaluated at the 500 hPa level. This figure
demonstrates a general increase in S with aerosol concentration, consistent in the multi-model mean over all SSTs
(Figure 9a; see also Figure S19 in Supporting Information S1), alongside a minimal and non-SST-consistent
change in Q, (Figure 9b; see also Figure S19 in Supporting Information S1). In addition, Figure 9 demon-
strates a negative (—0.34) and statistically significant (at a p-value level of 0.1) correlation between the change in
S and the change in 7, while a less negative (—0.15) and not statistically significant correlation between the
change in Q, and the change in Z. Based on these results, we conclude that the main driver for the reduction in
large-scale circulation strength (Figure 8b) is the increase in S, which aligns with the upper tropospheric warming
observed under high aerosol loading (Figure 3).

4. Summary

This study explores aerosol-cloud interactions (ACI) using a multimodel ensemble of radiative-convective
equilibrium (RCE) simulations. The analysis examines how aerosol microphysical perturbations affect cloud
properties, thermodynamic variables, and large-scale atmospheric circulation under equilibrium conditions
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Figure 9. Aerosol-driven change in static stability (a; S) and radiative cooling (b; Q,) versus the change in circulation
intensity (Z) for the different models and SSTs. These quantities are evaluated at the 500 hPa level and presented for
RCE_large simulations in all models. This figure is based on the difference between the most polluted (2000 cm~2) and cleanest
(20 cm™3) simulations in each model, divided by two to represent the response to an order-of-magnitude change in aerosol
concentration. The responses based on the two other available aerosol contrasts (200-20 and 2,000-200 cm™3) are presented in
Figure S20 in Supporting Information S1.

(as opposed to transient simulations (Dagan, Stier, Spill, et al., 2022; Marinescu et al., 2021)). The data set
consists of simulations from 11 cloud-resolving models with varying aerosol concentrations, domain configu-
rations, and sea surface temperatures, providing a robust foundation for analysis. While the aerosol perturbation is
represented somewhat differently across models (e.g., as changes in CCN vs. CDNC), the goal of this study is to
investigate how aerosol perturbations affect cloud and circulation characteristics within each model. The aim is
not to enforce cross-model consistency in aerosol-cloud microphysics, but rather to explore the model-specific
responses under a common experimental framework. However, we acknowledge that the differences in CCN/
CDNC representation between models could be one of the causes of the differences in the aerosol effects
demonstrated here.

The findings reveal some consistent responses across the models, including the suppression of warm rain for-
mation by aerosols, which enhances mid-tropospheric cloud water content and humidity. This increased humidity
reduces entrainment cooling, warms the upper troposphere, and increases atmospheric static stability. We note
that these findings are robust to the absence or presence of convective self-aggregation, as they are demonstrated
in both the RCE_small and RCE_large simulations. Despite these commonalities, the study also highlights
variability in the cloud radiative responses. Top-of-atmosphere shortwave and longwave radiation responses to
aerosols differ significantly among models, reflecting uncertainties in aerosol-cloud interactions and the manner
in which these interactions are represented within numerical models.

Interestingly, aerosols are not consistently found to affect convective self-organization or invigorate convection.
However, they generally reduce the intensity of large-scale circulation, likely due to the increased static stability.
The preliminary finding (that deserves further examination) that higher aerosol concentrations do not necessarily
lead to convective invigoration (as evaluated by high-percentiles of vertical velocity at a single mid-tropospheric
layer), despite their impact on static stability, can be explained by the fact that under equilibrium conditions, the
environmental temperature profile is strongly coupled with convection. As a result, buoyancy and vertical ve-
locities in clouds are unlikely to be influenced by the amount of latent heating from convection (Seeley &
Romps, 2016).

Building on the data set and insights from this study, future research could explore the effects of aerosols on cloud
feedback and climate sensitivity (Dagan, 2022a), the response of vertical velocity in clouds at various atmo-
spheric levels and stages of development (Marinescu et al., 2021), and the influence of aerosols on different cloud
regimes within the RCE framework (Lorian & Dagan, 2024). Additionally, as phase two of RCEMIP focuses on
SST-forced circulations (i.e., Mock-Walker simulations; Wing et al. (2024)), future work could examine the
impact of ACI on these large-scale circulations (Dagan et al., 2023). The publicly available data set presented in
this study provides a valuable resource for advancing our understanding of aerosol-cloud interactions and could
be highly beneficial to the scientific community.
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