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Abstract. Marine boundary-layer clouds play a critical role in Earth’s energy balance. Their microphysical and radiative
properties are highly impacted by ambient aerosols and dynamic forcings. In this study, we evaluate the representation of these
clouds and related aerosol-cloud interaction processes in the single-column version of the E3SM climate model (SCM), against
field measurements collected during the NASA ACTIVATE campaign over the western North Atlantic, as well as
intercompare results with high-resolution process-level models. We show that E3SM-SCM reproduces well the macrophysical
properties of post-frontal boundary layer clouds in a cold-air outbreak (CAO) case. However, it generates fewer but larger
cloud droplets, compared to aircraft measurements. Further sensitivity tests show that the underestimation of both aerosol
number concentration and vertical velocity variance contributes to this bias. Aerosol-cloud interactions are examined by
perturbing prescribed aerosol properties in E3SM-SCM, with fixed dynamics. Higher aerosol number concentration or
hygroscopicity leads to more numerous but smaller cloud droplets, resulting in a stronger cooling via shortwave cloud forcing.
This apparent Twomey effect is consistent with prior climate model studies. Cloud liquid water path shows a weakly positive
relation with cloud droplet number concentration due to precipitation suppression. This weak aerosol effect on cloud
macrophysics may be attributed to the dominant impact of strong dynamical forcing associated with the CAO. Our findings
indicate that the SCM framework is a key tool to bridge the gap between climate models, process-level models, and field

observations to facilitate process-level understanding.
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1 Introduction

Marine boundary layer (MBL) clouds are the dominant cloud type over oceans, with an annual mean occurrence frequency of
45% (Warren et al., 1988) and coverage of 34% including stratocumulus, stratus, and fog (Warren et al., 1988) or 23% for
stratocumulus only (Wood, 2012). Its high reflectivity in contrast with the low-reflective ocean surface underneath leads to a
strong shortwave cooling effect, but its longwave warming effect is neglectable due to low cloud top height (Hartmann et al.,
1992). In global climate models (GCM), the representation of MBL clouds and their radiative effects has long been a
challenging task (e.g., Bony and Dufresne, 2005; Brunke et al., 2019). Even the latest Coupled Model Intercomparison Project
Phase 6 (CMIP6) models still have a large inter-model spread in the cloud shortwave effect (Bock et al., 2020) that introduces

large uncertainties to climate projection.

The western North Atlantic Ocean (WNAO) is one of the regions dominated by MBL clouds. The Gulf Stream with a large
spatial gradient in sea surface temperature (SST), strong synoptical systems such as tropical and extratropical cyclones, and
aerosols generated locally or transported from the adjacent North American continent, all contribute to the complex aerosol-
cloud-meteorology-ocean interactions over this region (e.g., Painemal et al., 2021; Corral et al., 2021). Recently, Sorooshian
et al. (2020) provided an overview of the past atmospheric studies over the WNAO region, followed by more detailed analysis
of atmospheric circulation, boundary layer features, clouds, and precipitation (Painemal et al., 2021; Kirschler et al., 2022;
Kirschler et al., 2023) and atmospheric chemistry and aerosols (Corral et al., 2021). However, among 715 peer-reviewed
publications between 1946 and 2019, only 2% of the studies are related to aerosol-cloud interactions (ACI) (Sorooshian et al.,
2020). This indicates that ACI over the WNAO region is underexplored, which is a critical knowledge gap to start filling as

ACT has long been emphasized as the largest uncertainty source in climate model simulations (IPCC, 2013, 2021).

With limited prior understanding, the Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment
(ACTIVATE) (Sorooshian et al., 2019) was conducted between 2020 and 2022 targeting the complex ACI for MBL clouds
over the WNAO region. Two aircraft flew simultaneously in spatial coordination: a low-flying aircraft conducted in-situ
measurements and a high-flying aircraft made remote-sensing measurements and released dropsondes. Among the 162 total
joint flights, 12 of them were conducted as “process study” flights (Sorooshian et al., 2023), during which the flight patterns
were carefully designed to provide detailed information about the scene encompassing the clouds of interest. In some cases,
including the case chosen for this study, the high-flying aircraft released numerous dropsondes along a large circle and the
low-flying aircraft conducted stacked below-, in-, and above-cloud flight legs within the circle. The dropsonde-derived
divergence profiles and surface fluxes have been used to constrain process-level modeling studies (Chen et al., 2022; Li et al.,

2022; Li et al., 2023).
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A few process-level studies have been conducted using the Weather Research and Forecasting (WRF) model nested domain
regional simulation (Chen et al., 2022) and WRF large-eddy simulation (LES) (Li et al., 2022; Li et al., 2023). The WRF
regional simulation has an inner domain at 1 km convection-permitting horizontal grid spacing, hereafter referred to as cloud-
resolving model (CRM) simulation in this study. Note that this is different from the conventionally defined CRM, which is
usually run with prescribed large-scale forcing and periodic boundary conditions, in a limited region analogous to a single-
column model (SCM) (Randall et al., 1996). A post-frontal MBL cloud case related to a winter cold-air outbreak (CAO) was
studied in these CRM and LES studies. Chen et al. (2022) successfully simulated the observed cloud roll structure in WRF-
CRM. They found that a distinctive boundary layer wind direction shear favours the formation and persistence of cloud rolls.
Li et al. (2022) validated the ERAS5-derived large-scale forcing with dropsonde-derived forcing and tested the sensitivity of
WRF-LES to the large-scale forcing. They furthermore investigated ACI with a series of LES sensitivity experiments based

on spatial variability in aircraft-measured aerosol and cloud properties (Li et al., 2023).

In this study, we focus on SCM simulations for the same CAO case as that being investigated in the CRM/LES studies (Chen
etal., 2022; Li et al., 2022; Li et al., 2023). We tried a few other CAO cases observed during the ACTIVATE campaign, but
the SCM cannot produce the observed boundary-layer structure and cloud evolution in those cases, likely due to weaker CAO
forcings and not as well-defined large-scale boundary conditions for the SCM. It is critical to have well-simulated clouds for
the aerosol-cloud interaction sensitivity tests. Therefore, our study is limited to this single case. With simulations from all the
above models in different complexity and resolution, we are now able to make a detailed process-level analysis of ACI through
the multi-scale LES-CRM-SCM intercomparison. This is a step further than studies using individual models. Our first goal is
to understand how the CAO-related post-frontal MBL clouds are simulated in the SCM in contrast to observations and the
LES and CRM simulations. Another goal is to explore how the simulated MBL clouds respond to perturbations of aerosol
properties prescribed into the SCM through sensitivity studies and how the ACI metrics or cloud susceptibility hold under the
CAO condition observed during the ACTIVATE campaign. We introduce the selected case, data, and models in Sect. 2, show
the general SCM performance and intercomparison with CRM and LES results in Sect. 3, explore the cloud responses to
aerosol perturbations through SCM sensitivity studies in Sect. 4, and then further investigate LWP susceptibility in Sect. 5.

Conclusion remarks are provided in Sect. 6.

2 Case Description, Observations, and Simulations
2.1 The CAO case on 1 March 2020

This study focuses on a CAO case observed on 1 March 2020, after the passage of a cold front. A large area of MBL clouds
formed associated with warm SST, cold air advection, and large-scale subsidence. The ACTIVATE campaign deployed two
spatially coordinated aircraft to measure the post-frontal MBL clouds from different heights (Fig. 1a). The High Spectral

Resolution Lidar — generation 2 (HSRL-2) from the high-flying King Air aircraft measured vertical aerosol backscattering
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profiles, which were used to estimate the cloud top height. The King Air also released 11 dropsondes in a ~110 km diameter
circle centred near (38.1°N, 71.7°W) to measure the vertical profiles of the meteorology state. The low-flying Falcon aircraft
mainly provided in-situ trace gas, aerosol, and cloud microphysical measurements. The entire Falcon flight is divided into
many flight “legs” (Dadashazar et al., 2022b). Each flight leg represents a segment during which the flight is measuring under
a specific condition at constant altitude (e.g., below/in/above cloud) or is in a specific operation mode (e.g., ascending,
descending). For most of this study, we focus on eight flight legs within or near the dropsonde array domain (Fig. 1b), including
two minimum-altitude (MinAlt) legs, two below-cloud-base (BCB) legs, one above-cloud-base (ACB) leg, two below-cloud-
top (BCT) legs, and one above-cloud-top (ACT) leg. The first six flight legs were stacked at different heights as a “wall”

pattern. The last two legs were flown outside the dropsonde domain but are used here for sensitivity study purposes.
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Figure 1: (a). ACTIVATE flight tracks for Falcon (yellow) and King Air (red) aircraft on 1 March 2020 (RF13), overlaid with GOES-
16 satellite-measured cloud optical depth (COD) at 15:21 UTC. The insert shows the time series of flight altitude for both aircraft.
(b) Time and height of the eight Falcon flight legs within or near the dropsonde array domain. The insert is the horizontal location
of the eight flight legs and the dropsonde domain (thin black line). Acronym of flight leg types: BCB: below cloud base; ACB: above
cloud base; ACT: above cloud top; BCT: below cloud top; MinAlt: minimum altitude (~150 m above ground level (AGL)).
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2.2 Forcing and Evaluation Data

Table 1 lists the aircraft measurements used in this study. These observational data are used mainly for two purposes: driving
models as initial and boundary conditions and evaluating model results. Satellite measurements and reanalysis data are also
used to supplement the aircraft measurements to give a more complete view and fill data gaps when aircraft data are unavailable.
Specifically, the liquid water path (LWP) and the ice water path (IWP) are retrieved from GOES-16 geostationary satellite
using the Visible Infrared Solar-Infrared Split Window Technique (VISST) (Minnis et al., 2008; Minnis et al., 2011) algorithm
from the NASA-Langley Satellite Cloud Observations and Radiative Property retrieval System (SatCORPS). ERAS reanalysis
data (Hersbach et al., 2020) are used to provide model initial and boundary conditions to drive the WRF-CRM simulation and
to supplement the large-scale forcing used by WRF-LES and E3SM-SCM. More details of the large-scale forcing are given in

the next subsection.

Table 1: Aircraft measurements used in this study.

Instrument Measurements Platform Dat.a
Version

GPS Flight location (lat, lon, alt) Falcon R4

N/A Flight leg flag Falcon R3

Five-port pressure system (TAMMS) 3-D winds Falcon R4

Rosemount 102 sensor Temperature Falcon R4

Diode laser hygrometer (DLH) Water vapor mixing ratio Falcon R1

Scanning Mobility Particle Sizer (SMPS) Aerosol number size distribution (2.97 — 94.0 nm) Falcon R4

Laser Aerosol Spectrometer (LAS) Aerosol number size distribution (93.9 — 3487.5 nm) Falcon R3

High-Resolution Time-of-Flight Aerosol Mass | Mass concentration of aerosol composition (Organic, Falcon R2

Spectrometer (AMS) Sulphate, Nitrate, Ammonium, Chloride)

. . CCN number concentration with supersaturation (SS)

Cloud Condensation Nuclei (CCN) Counter scanning from ~ 0.16% to 0.72% Falcon RO
Cloud droplet number size distribution (3 — 50 pum),

Fast Cloud Droplet Probe (FCDP) liquid water content (LWC), droplet number Falcon R1
concentration, and effective radius

GPS Flight location (lat, lon, alt) King Air RO

High Spectral Resolution Lidar (HSRL-2) Cloud top height King Air RO

Dropsonde Te.:mperatu.re, pressure, altitude, relative humidity, U King Air RI
wind, V wind

2.3 Model Simulations

The SCM used in this study is based on the Energy Exascale Earth System Model (E3SM) version 2 (Golaz et al., 2022;

Bogenschutz et al., 2020). It includes a deep convective parameterization from Zhang and McFarlane (1995) with the
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modification in convective trigger from Xie et al. (2019) to improve the diurnal cycle of precipitation, a two-moment
microphysics scheme from Gettelman and Morrison (2015) (MG2), and a Cloud Layers Unified By Binormals (CLUBB)
(Golaz et al., 2002; Larson and Golaz, 2005) parameterization for turbulence, shallow convection and macrophysics all-
together. Some parameters of these schemes were systematically re-tuned to improve the overall performance of subtropical
stratocumulus clouds (Ma et al., 2022). Aerosols generally require a long spin-up time that is unrealistic during the relatively
short SCM case durations. Instead of directly using the aerosol scheme, three options have been implemented in E3SM-SCM
to treat aerosols: specifying droplet and ice number concentrations to “bypass” ACI, using “prescribed” aerosols from a 10-
year E3SM climatology simulation under present-day forcing conditions, or using “observed” aerosol information if available
(Bogenschutz et al., 2020). The information of three lognormal distribution modes of aerosols (Aitken, accumulation, and
coarse) is needed in the “prescribed” and “observed” methods to replace the output from the aerosol scheme, which is a 3-
mode Modal Aerosol Module (MAM3) (Liu et al., 2012) in the E3SM SCM configuration. Note that this differs from the
default MAM4 scheme (Liu et al., 2016) in E3SM GCM. The “observed” method currently does not include vertical variation
of aerosols (i.e., observed aerosol information is applied to all vertical layers from the surface to the model top). Therefore, to
investigate ACI and the impact of aerosol vertical distribution on clouds, we use a “prescribed-observed” hybrid method in
this study, in which we replace the prescribed aerosol input data with aircraft-measured aerosols or idealized conditions. Note
that we can only study the impact of aerosols on clouds in this configuration, but not the interactive microphysical and
dynamical feedback to aerosols, as model representations of aerosol sink and source processes such as emissions, scavenging,

and deposition are disabled in this configuration.

E3SM-SCM is driven by prescribed large-scale forcing data (i.e., advective tendencies and vertical velocity) and surface
turbulent fluxes, with a nudging timescale of 3 h to reduce biases in the atmospheric mean state. We use the same forcing data
as Li et al. (2022) in their WRF-LES simulations over the dropsonde region (red circle in Fig. 1a). The large-scale forcing
fields are shown in Fig. 2. The environment exhibits strong subsidence with cold and dry advection in the lower atmosphere.
The near-surface cold and dry air and relatively high SST (not shown) lead to large surface latent (~ 400 W/m?) and sensible
(> 200 W/m?) heat fluxes. Although these data are obtained from the ERAS reanalysis, which exhibits a cold and dry bias in
MBL (Seecthala et al., 2021), the wind structure is well captured (Chen et al., 2022) and the ERAS divergence agrees well with
that derived from the ACTIVATE dropsonde array (Li et al., 2022). Overall, it has been shown that the ERA5-derived large-
scale forcing and surface turbulent fluxes can reasonably reproduce clouds and boundary layer for this case in WRF-LES

simulations (Li et al., 2022; Li et al., 2023).

The WRF-CRM (Chen et al.,, 2022) and WRF-LES (Li et al.,, 2022; Li et al., 2023) simulations are also used for
intercomparison with the E3SM-SCM. The WRF-CRM has an outer domain at a 3 km horizontal grid and an inner domain at
a 1 km convective-resolving resolution, with an interactive land option and prescribed SST from ERAS. It is able to reproduce

the “cloud street” feature seen in satellite images (Chen et al., 2022). The comparison of WRF-CRM nested simulation with
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ERAS reanalysis over the dropsonde region and the results of SCM and LES, driven by WRF-CRM forcings, are given in the
Supplement Information (Figs. S1-S4). The WRF-LES simulation has a domain size of 60x60 km? with a 300 m horizontal
grid spacing (Li et al., 2022). Its large-scale forcing and surface turbulent fluxes are prescribed from ERAS, as described above.
Nudging is applied only to horizontal winds at a timescale of 1 h, with temperature and moisture freely evolving. In both CRM
and LES simulations, a uniform cloud droplet number concentration (N,) was specified so ACI processes were bypassed. The
specified N, value of 450 cm™ was obtained from a previous version of FCDP measurements (Li et al., 2022). The newer
version of FCDP (see Table 1) with an updated instrument calibration gives a smaller N, value. As will be seen later (e.g., Fig.
5), the E3SM-SCM simulation is more consistent with the updated FCDP data. Note that we keep the original setups of
prescribed Ny in CRM and LES for consistency with previous studies (Chen et al., 2022; Li et al., 2022; Li et al., 2023). As all
the simulations are available for the same case, we have the opportunity to demonstrate the value of combining CRM and LES

with SCM for the process-level understanding of ACI.
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Figure 2: Large-scale environmental conditions, large-scale forcing (horizontal advection and vertical velocity), and surface forcings
(latent and sensible heat fluxes) over the dropsonde region from ERAS reanalysis. The black lines in large-scale forcing panels mark
the zero contour.

3 SCM performance and intercomparison with CRM/LES

All the E3SM-SCM, WRF-LES, and WRF-CRM simulations are initiated at 06:00 UTC, 1 March 2020. With a quick initial
spin-up, marine CAO clouds develop between 1 and 2 km above ground level (AGL), and then display a gradual reduction in
vertical extent, cloud top height, and cloud water content (Figs. 3 and 4). These are generally consistent with ERAS reanalysis.
Note that the ERAS cloud properties are also obtained from the reanalysis host model. Both SCM and WRF-LES generate
100% cloud fraction most of the time, while the WRF-CRM simulated cloud fraction decreases with time. This is associated
with the success of capturing cloud roll structure in WRF-CRM (Chen et al., 2022). However, this roll structure fails to be

simulated in WRF-LES and is not parameterized in E3SM-SCM. Both liquid and ice hydrometeors are produced and
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transformed into rain and snow particles. The total ice (including snow) water content is about one order of magnitude smaller
than total liquid water (including rain) (Fig. 3b and 3c). In our further analyses, we ignore ice and only focus on liquid clouds
for simplicity. All simulations produce a weak mean surface precipitation of less than 2 mm/day (Fig. 4b). The evaluation of
surface precipitation versus observations is not conducted here due to the lack of surface measurements and the limited ability

of satellite measurements to detect weak precipitation from low-level MBL clouds (e.g., Battaglia et al., 2020).
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Figure 3: Time-height cross-sections of cloud fraction, total liquid water, and total ice water produced from different model
simulations.

Figure 4a shows the time series of cloud top height compared with GOES-16 satellite measurements and HSRL-2
measurements from the King Air aircraft. It should be noted that although both are measured from above the cloud, the satellite-
measured cloud top height is about 1 km higher than the aircraft lidar measurement. As this is only a case study, we do not
attempt to address whether the satellite measurement has any systematic bias. HSRL-2 detects the top of each individual cloud,
which is usually lower than or, at best, equal to the highest cloud top within the area. Therefore, we only compare model results
with the highest values of the HSRL-2 measurements. The cloud top heights in models are derived by integrating cloud-
fraction-weighted height levels downward, as described in Varble et al. (2023). E3SM-SCM and WRF-LES produce similar
cloud top heights (Fig. 4a), consistent with the highest observed cloud tops in HSRL-2. Ignoring the model spin-up period and
high solar zenith angle when satellite retrievals encounter large biases, E3SM-SCM and WRF-CRM also reproduced the total
liquid water path, while WRF-LES overestimates it by ~50% after 14:00 UTC, compared to the satellite retrievals (Fig. 4c).
For the total ice water (including snow), with only a few valid data points in GOES-16 retrievals around 17:00 UTC, SCM and

LES seem to overestimate it, albeit the overall magnitude is small (Fig. 4d).
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Figure S: Vertical profiles of atmospheric state, vertical velocity variance, and cloud variables over the analysis domain compared
with dropsonde and Falcon measurements. Model profiles are averaged between 15:00 and 16:00 UTC during the aircraft
measurements. The box plots indicate the interquartile ranges of the aircraft measurements in each flight leg and the whiskers
indicate 5% and 95" percentiles, while the red crosses represent vertical velocity variances calculated from 1 Hz measurements in
each flight leg. For cloud microphysical variables, a threshold of in-cloud liquid water content of 0.02 g/m? and cloud droplet number
of 20 cm is applied for both model results and aircraft measurements.

Figure 5 shows the vertical profiles of atmospheric state and cloud variables compared to dropsondes, ERAS forcing data, and
in-situ aircraft measurements. The atmospheric state variables are constrained by ERAS reanalysis, which has a colder and
dryer boundary layer than the dropsonde measurements (Figs. 5a and 5b, as well as reported in Seethala et al., 2021). However,
the Falcon data in the boundary layer are also colder and dryer than the dropsonde measurements. These differences reflect
observational uncertainties to some extent. All models are generally consistent with the observations. However, they do show
different temperature biases: E3SM-SCM tends to be warmer while WRF-LES and WRF-CRM tend to be colder than the
dropsondes. This bias is seen throughout the entire simulation period (not shown), indicating different performances of model

parameterizations in E3SM-SCM and WRF-LES, as they used the same initial conditions and large-scale forcing.
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WRF-LES and WRF-CRM both use prescribed N, obtained from a previous version of Falcon aircraft measurements during
the ACB flight leg, which is higher than the re-calibrated value in the current version (Fig. Sh). They produce similar in-cloud
liquid water content (LWC) below 1.5 km, but WRF-CRM produces lower LWC above 1.5 km because of its lower cloud top
height (Fig. 5g). WRF-LES produces slightly greater droplet effective radius (Resr) than aircraft measurements (Fig. 5i).
Together with the large Ny, both contribute to large cloud LWC and LWP. WRF-CRM uses bulk microphysics and does not
have Resr. The E3SM-SCM simulated LWC is consistent with aircraft measurements during the BCT2 flight leg near 1.4 km
AGL, but lower than the other two in-cloud flight legs (Fig 5g). It also produces larger sizes of cloud droplets around 1.5 km
AGL (Fig. 51) but produces much lower N, (Fig. Sh). Possible causes of the underestimation of Ny include an underestimation
of both aerosol number concentration (see Sect. 4.1) and turbulence (Fig. Se). Weaker vertical velocity variance than
observations is a general bias seen in E3SM for the entire ACTIVATE campaign (Brunke et al., 2022), which may cause lower
supersaturation (SS) which activates fewer cloud condensation nuclei (CCN) into cloud droplets (e.g., Kirschler et al., 2022).

We further investigate these two factors in Sect. 4.1.

4 SCM Sensitivity Tests

The previous section suggests that the underestimation of Ny in E3SM may be partly due to the underestimation of aerosol
number concentration in the climatological aerosol input for this CAO case. In this section, we use observed aerosols to drive
E3SM-SCM and conduct two sets of sensitivity studies on aerosol number size distribution and composition to investigate

how the input aerosol properties impact clouds and radiative forcing.

4.1 Sensitivity to different aerosol number size distributions

We firstly test the sensitivity of SCM simulations to different aerosol number size distributions using the measurements from
five out-of-cloud legs within or near the dropsonde domain (Fig. 1b). The Falcon aircraft during the ACTIVATE campaign
was equipped with a SMPS and a LAS (Table 1) to measure aerosol number size distribution from 2.97 to 94.0 nm (for SMPS)
and 93.9 to 3487.5 nm (for LAS), respectively. We merge the two instruments and fit them into three lognormal modes: Aitken,
accumulation, and coarse modes. For the three parameters in the lognormal distribution function: mode total number
concentration (N), mode geometric median diameter (u), and standard deviation (g, ), we only fit N and p. Because g is also
prescribed in other parts of the model (e.g., radiation calculation), we fix o, with the E3SM-prescribed values (1.6 for Aitken,
1.8 for accumulation and coarse) for consistency. A sensitivity test shows that using freely fitted N, p, and o, in E3SM-SCM
only yields a minor difference compared to using fixed o,; (not shown). For most flight legs, the fitting of coarse-mode aerosols
exhibits large uncertainties due to limited samples with large variation. As the coarse mode aerosol number concentration is
usually orders of magnitude smaller than that of the Aitken and accumulation modes, the poor fitting of coarse mode aerosols

is not expected to impact the cloud microphysical properties much.
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The centre panel of Fig. 6 shows the fitted aerosol number size distributions from different flight legs, overlapped with E3SM
climatological aerosols near the cloud base height (~900 m AGL). The individual fitting of the three modes as well as the
fitting parameters in each flight leg are shown in the surrounding panels. It is clearly seen that the below-cloud flight legs
(minAlt and BCB) generally have more aerosols, especially in the accumulation mode, than the above-cloud-top flight leg
(ACT). The E3SM climatological aerosols at the cloud base show more and larger Aitken mode particles and less coarse mode
particles than all flight leg measurements. For accumulation mode particles that are most important for CCN number
concentration, the E3SM climatology lies between the ACT leg and below-cloud legs. Although the ACT leg does not represent
cloud-base aerosol conditions that are more relevant to the aerosol activation process, the inclusion of this leg provides

information on how SCM performs in a clean environment.

Aerosol number size distribution (stdPT)
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Figure 6: (centre) Aerosol number size distribution from (black) E3SM prescribed aerosol file from climatological run near the
height of simulated cloud base (~900 m AGL) and (colours) aircraft measurements averaged for each out-of-cloud flight leg fitted to
3-mode lognormal distributions. (surroundings) Mean observed aerosol number size distribution and one standard deviation
(vertical lines) from each out-of-cloud flight leg and the lognormal fittings for Aitken, accumulation, and coarse modes. The fitting
parameters (N in cm™ and p in micrometres) are shown in the figure legends with the geometric standard deviation (0og) set as 1.6
for Aitken mode and 1.8 for accumulation and coarse modes. All data are converted for standard pressure (1013.25 hPa) and
temperature (273.15 K) conditions.

The fitted lognormal parameters from aircraft measurements are used to calculate and replace the variables in the E3SM-

prescribed aerosol input data. The averaged chemical component fractions below 1.5 km from E3SM aerosol climatology are

14



279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

used to partition the measured aerosol number size distribution so they all have the same fraction of aerosol components. The
sensitivity to different aerosol chemical compositions will be discussed in Sect. 4.2, while in this section we only focus on how
aerosol number concentration impacts clouds in E3SM-SCM. The prescribed aerosol number concentration has no information
on variation with height. This height-independent assumption is usually used in SCM configurations with observed aerosols
(e.g., Liu et al., 2007; Klein et al., 2009; Liu et al., 2011), assuming that only cloud-base aerosols are involved in the cloud

droplet nucleation process (e.g., Liu et al., 2011).

All simulations are run from 06:00 to 21:00 UTC, the same as the previous simulations in Sect. 3. To compare with aircraft
measurements, we average the simulations between 15:00 and 16:00 UTC (aircraft sampling time) and plot the vertical profiles
in Fig. 7. The large variation of CCN number concentrations has a very small impact on the cloud fraction and in-cloud LWC.
Instead, it mainly impacts the cloud droplet number and size: more CCN leads to more Ny and smaller droplet size. However,
all the simulations underestimate N; compared to the aircraft measurements. Another sensitivity test shows that
underestimation of both aerosol number concentration and turbulence strength contributes to the underestimation of Ng. When
increasing vertical velocity variance to the observed magnitude and using aerosols observed below the cloud base in SCM, the

simulated Ny then becomes more similar to the aircraft measurements (Fig. 8).

We further plot the simulated cloud droplet number size distribution at three different heights in Fig. 9, with different
simulations using prescribed aerosols from different flight legs. Compared with the aircraft-measured cloud droplet size
distribution at each height, the gamma distribution assumption of the cloud droplet spectrum in MG2 generally captures the
observed droplet size distribution and reproduces well the mean droplet size, but fails to reproduce the observed peak of N, at
all three heights. A similar sharp peak of N; around 10 to 20 pm was also observed by aircraft over the Southern Ocean and

the model with the same MG2 microphysics scheme underestimated N, in a similar way (Gettelman et al., 2020).
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Figure 7: Vertical distributions of (a) CCN number concentrations at 0.1% and (b) 0.5% supersaturation, (c) cloud fraction, (d) in-
cloud LWC, (e) N4, (f) Refr, and (g) cloud water tendency from the conversion-to-precipitation processes (MicroPhysics tendency
Due to Water to Precipitation, MPDW2P) in E3SM-SCM simulations with different aerosol specifications. Aircraft measurements
of cloud microphysical properties overlaid are the same as in Figure 5.
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Figure 8: (a) Vertical velocity variance <w’w’>, (b) cloud droplet number concentration V4, and (c) cloud droplet effective radius
Refr averaged between 15:00 and 16:00 UTC, when the aircraft measurements (shown in red crosses and boxes) were made. In the
figure legend, “Climatology” is the original SCM run with prescribed aerosol concentration; “BCB2” is SCM run with aerosol
number concentration from the aircraft measurement at BCB2 leg; and “2*<w’w’>" means the vertical velocity variance is enhanced
by the factor of 2 in the SCM aerosol activation scheme.
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Figure 9: E3SM-SCM simulated cloud droplet size distribution at the height of three in-cloud flight legs: (ACB: ~1.20 km, BCT2:
~1.44 km, BCT1: ~1.74 km). Note that the flight leg name and height in the title above each panel specify where the cloud data are
taken for the plot, while the flight leg names within each panel legend describe where the aerosol data are taken to drive the
corresponding E3SM-SCM simulations. The dots and error bars represent aircraft measurements at the corresponding flight legs
and the 5 and 95™ percentiles.

The strong impact of aerosol number size distribution on cloud microphysical properties (number, size) in SCM indicates that
E3SM shows a strong Twomey effect (Twomey, 1977, 1959). The change of Ny is tightly related to the change of CCN number
concentration (Fig. 10). A recent study of long-term E3SM simulation over the eastern North Atlantic suggests that the Ny

dlnNg
dinCCN

susceptibility (i.e., relationship) in E3SM may be too strong comparing to observations (Tang et al., 2023). Previous
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studies showed that N, is also impacted by other factors such as updraft velocity (e.g., Kirschler et al., 2022; Chen et al., 2016),
which indicates a potential need to examine updraft velocity in E3SM in the future. The surface downward shortwave flux is
largely impacted by the change of cloud droplet number and size due to different aerosol specifications (Fig. 11c), with the

differences reaching up to 100 W m? during the analysis period (15:00 — 16:00 UTC).

In contrast to the strong Twomey effect, the weak impact of aerosols on cloud macrophysical properties (cloud fraction, total

water content) indicates a very weak LWP adjustment in E3SM. The LWP susceptibility d;‘:# is almost zero (Fig. 10c). The
d

slightly positive slope is likely due to the suppression of precipitation processes (Fig. 7g) when cloud droplet sizes decrease in
response to more aerosol particles and cloud droplets. However, the magnitude of precipitation rate change is so small that it
can barely change the overall LWP and surface precipitation (Fig. 11). In the CAO case, LWP and other cloud macrophysical
properties are likely determined by the strong dynamical and thermodynamical controls (e.g., strong cold-air advection, surface
turbulent heat fluxes, and subsidence in Fig. 2). The change of aerosols mainly impacts cloud microphysical properties through
altering cloud droplet number and size, which is shown to have a minimal effect on cloud LWP. We believe that under the

synoptic conditions with weaker large-scale forcing and/or stronger precipitation, aerosol effects on cloud macrophysical

properties may be stronger. This weakly linear d;;l:rllp relation in the E3SM-SCM simulations is different from the non-linear

d

dl . .
dT:IC/P relation seen in the long-term E3SM GCM run (Tang et al., 2023).
d
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Figure 10: Scatter plot between simulated Nz and CCN at two different supersaturations and between LWP and N ;. The linear fit
dinNg4 and dinLWP
1

1
dIinCCN dinN4
0.37), (0.048, 0.28), (0.007, 0.037), respectively.

equations representing are noted in each panel. The standard errors of (slope, intercept) for each panel are (0.082,
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Figure 11: Time series of (a) surface precipitation, (b) LWP, and (c¢) surface downward shortwave flux from E3SM-SCM simulations
with different aerosol specifications.

4.2 Sensitivity to different aerosol composition

Aecrosol chemical composition is an important property that determines aerosol hygroscopicity (k) and further impacts the
likelihood of aerosols serving as CCN and activating into cloud droplets. In E3SM, the overall « is calculated assuming internal
mixing of aerosol species within each mode and external mixing among modes (Liu et al., 2012; Liu et al., 2016). Although
aerosol chemical composition also impacts the overall size distribution (Shrivastava et al., 2017), this mechanism is not
implemented in the current E3SM. In this section, we investigate the differences in aerosol composition used in E3SM and
observed by Falcon aircraft measurements. We further test the sensitivity of simulated clouds to aerosol composition, and

ultimately hygroscopicity, using simulated and observed values and assuming a few extreme conditions.

Figure 12a shows the aerosol mass concentrations for each component in the E3SM aerosol climatology. Most of the aerosols
are concentrated within the boundary layer below 1 km, with the Aitken and accumulation modes dominated by sulphate, and
the coarse mode dominated by sea salt acrosols. Figures 12 (b-f) all use the same observed aerosol number size distribution,
fitted from the BCB2 flight leg, but combined with different aerosol component fractions. The setting of “E3SM fraction” uses
aerosol composition from E3SM-prescribed aerosols at the level closest to the BCB2 leg (near ~900 m AGL). The “BCB2
fraction” uses aerosol composition from the AMS measurements at the BCB2 leg. Among the five components in AMS

measurements (Table 2), sulphate (SO4) and organics are the two dominant species observed during ACTIVATE (Dadashazar
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et al., 2022a). They are also the only two species specified in E3SM, with assumptions of the composition of organics. Here
we assume all AMS-measured organics are secondary organic aerosols (SOA), then calculate new aerosol concentrations using
the observed mass fraction of SO4 and SOA while keeping the fraction of other species the same in E3SM. It can be seen that
the aircraft measured SO4:SOA ratio is about 1:1 in mass, much smaller than in the E3SM climatology. This change results in

a reduction of « value from 0.46 to 0.31 (Table 2) as the hygroscopicity of SOA is much smaller than SO4.

Three other idealized aerosol settings in extreme conditions are provided for the sensitivity test. The first one, “Lowest k”, is
the option to use the lowest hygroscopicity species in each mode. The second option assumes all aerosols are SO4 aerosols
and the third one assumes all sea salt aerosols. The corresponding aerosol fraction in each mode and the overall k values are
given in Table 2. The “Lowest k” option has an extremely low k value of 10!? in the accumulation mode, while the “all seasalt”

option has a large « of 1.16. The other options have k values varying from 0.3 to 0.5.

(a) Climatology (b) E3SM fraction (c) BCB2 fraction
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Figure 12: Different settings of aerosol mass concentration for each component used in E3SM from (a) climatology from E3SM
GCM output, (b) applying composition fraction from E3SM climatology aerosols at the height of BCB2 flight leg, (c) using an
observed fraction of sulphate and organics (assuming SOA) from the BCB2 flight leg, (d-f) assuming all aerosols are the lowest
hygroscopicity species (“Lowest k) in that mode, sulphate, and sea salt aerosols, respectively. Note the different x-axis in panels (a)
and (b)-(f). In (b)-(f), the aerosol number size distributions are from aircraft measurements in the BCB2 flight leg and assuming no
vertical variation. Notation of aerosol species: SO4: sulphate, POM: primary organic matter, SOA: secondary organic aerosols, BC:
black carbon, DST: dust, NaCl: sea salt.
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Table 2: Fraction of aerosol species in each mode (Aitken/accumulation/coarse modes) specified in five sensitivity tests. “-” means
the species is not accounted for in the mode.

Sensitivity test SO4 POM SOA BC DST NaCl K
E3SM fraction | 0.89/0.75/0.02 | -/0.04/- | 0.11/0.12/- | -/0.02/- | -/0.02/0.09 | 0.00/0.05/0.88 | 0.46
BCB?2 fraction | 0.39/0.34/0.02 | -/0.04/- | 0.61/0.53/- | -/0.02/- | -/0.01/0.09 | 0.00/0.05/0.88 | 0.31

Lowest k 0/0/0 -/0/- 1/0/- -/1/- -/0/1 0/0/0 101
All sulphate 1/1/1 -/0/- 0/0/- -/0/- -/0/0 0/0/0 0.507
All sea salt 0/0/0 -/0/- 0/0/- -/0/- -/0/0 1/1/1 1.16

*: k 1s calculated from the accumulation mode.

The different aerosol hygroscopicity results in different CCN number concentrations (Fig. 13a and 13b). As SS increases, the
critical diameter determining CCN number concentration decreases and becomes less sensitive to hygroscopicity. Therefore,
except for the “Lowest k” sensitivity run in which the CCN number concentration is almost zero, the relative difference of
CCN number concentration with different aerosol composition settings is smaller for 0.5% SS than 0.1% SS. N, and Resr are
less sensitive to aerosol hygroscopicity ranging from 0.31 to 1.16 compared to CCN number concentration, and cloud fraction
and LWC vary even less. The only outlier is the “Lowest Kk option with extremely low hygroscopicity. In this case the
extremely low CCN and N, number concentration (but not zero, as the E3SM model sets a lower limit of N;= 10 cm™ when a
cloud exists) lead to about doubled droplet size (Fig. 13f). Therefore, it has a much stronger surface downward shortwave

radiation (Fig. 14c). The much larger droplet size also contributes to more precipitation conversion (Figs. 13g and 14a) and

dinLwWPp
dinNg

depletion of cloud liquid water (Fig. 14b). However, the impact is still very weak and the estimated LWP susceptibility

is 0.02 (Fig. 15¢).
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403 Figure 14: Same as Figure 11 but for E3SM-SCM simulations with different aerosol composition profiles.
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404
405 Figure 15: Same as Figure 10 but for E3SM-SCM simulations with different aerosol composition profiles. The standard errors of

406 (slope, intercept) for each panel are (0.013, 0.06), (0.024, 0.14), and (0.003, 0.013), respectively.

407 5 Further investigation of LWP susceptibility

. . . dl .. . . . . .
408 The previous section shows a weak linear dlllLWP relation in the E3SM-SCM simulations associated with aerosol-induced
d

. . . L . dl . .
409 precipitation suppression. This relation is different from the non—hnearﬁ relations seen in the long-term E3SM GCM
d

410 simulations and observations (Tang et al., 2023). In this section, we further investigate the LWP susceptibility and the related
411 precipitation processes with more SCM simulations.

412
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Since some sensitivity tests conducted in Sect. 4 produce similar N; values (Figs. 10c and 15¢), we design new sensitivity tests
with prescribed aerosols from aircraft measurements at BCB2 leg and perturb the observed aerosol number concentration (N,)
by 0.125, 0.25, 0.5, 2, 4, 8 times for SCM, to examine the susceptibility of LWP and surface precipitation due to N,
perturbations. We also increase the value of a parameter (known as aggregation enhancement factor) in the SCM by a factor
of 10 to arbitrarily enhance the precipitation suppression effect. The timeseries of surface precipitation and LWP are shown in
Fig. 16. With a higher N,, surface precipitation is more suppressed, leading to more LWP remaining in the cloud. This effect

is more obvious in the first few hours of the simulations. After ~13:00 UTC, the differences of surface precipitation and LWP

induced by the perturbation of N, become much less distinguishable, which is consistent with the very weak dd;l:;clp relation
d

seen at 15:00 — 16:00 UTC in Sect. 4. We hypothesize that dynamical forcing and thermodynamical factors dominate the LWP
budget and cloud evolution during this cold air outbreak event and, therefore, the LWP adjustments due to aerosol perturbations

become negligible. Further studies with more cases and associated statistical analyses are needed to verify this hypothesis.
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Figure 16: Time series of (a) surface precipitation, and (b) LWP from E3SM-SCM simulations with different aerosol (V)
perturbations observed below cloud base during the CAO case.

The LWP susceptibility %, which is now calculated by comparing the perturbed-N, run and 1xN, SCM simulations at
d

each timestep (1800 s) between 08:00 and 18:00 UTC, is shown in Fig. 17. Also shown is the susceptibility of surface

dinLWP . .
relation and a negative
dInNg4

dlnPrecip
dinNg

. ... dlnPreci . . .
precipitation Zlnr;ap. All the N, perturbation tests show a clear positive relation,
d

demonstrating the precipitation suppression effect of aerosols in E3SM-SCM. The spread in LWP and precipitation

susceptibility becomes wider for higher N, perturbations, indicating that the precipitation suppression effect becomes more
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uncertain with increasing N,, as cloud droplets become smaller and less likely to convert into precipitation. The mean of the

dinLWP
dInNg4

median values is 0.03, close to the slopes estimated in Sect. 4. Again, this weak LWP susceptibility relation is likely

due to the strong dynamical and thermodynamical control for this specific CAO case. Long-term SCM simulations with more

cases are needed to further assess this hypothesis.
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2 : : : : :
0.125x 0.25x 0.5x 2X 4x 8x

dInPrecip/dinNd (vs 1xNa)

0.4

0.2

0.125x 0.25x 0.5x  2x ax 8x

d';'l'::m and dl;f:;dp between 08:00 and 18:00 UTC for the different SCM simulations with perturbed V.
d d

in contrast to the default 1x/V.. The horizontal bars represent the upper bound, median value, and the lower bound of the data, while
the shading represents the probability density of the data at the corresponding values.

Figure 17: Violin plots of

6 Summary and Discussion

Current Earth System Models remain largely uncertain in simulating MBL clouds, and aerosol-cloud interactions related to
MBL clouds have been underexplored over the WNAO. With the recent ACTIVATE field campaign conducted over WNAO
collecting in-situ and remote-sensing measurements using dual aircraft flying simultaneously, we conduct SCM simulations
focusing on a selected CAO case, evaluate the results against field observations, and intercompare results with CRM/LES

models. Furthermore, we perform several sets of SCM sensitivity experiments to understand the complex aerosol-cloud
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interactions related to MBL clouds over WNAO. This case study with a comprehensive set of aerosol sensitivity simulations
provides insight into further designing and investigation of long-term SCM simulations for statistical analysis, which is

currently under consideration for a future study.

A unique feature of this study is the multi-scale model intercomparison using SCM, CRM, and LES models, which provides
a comprehensive process-level understanding of ACI in more detail compared to individual models. We conducted E3SMv2
simulations in the SCM mode and compared them with two WRF model configurations at LES and CRM resolutions,
respectively. Overall, the three models all capture the MBL cloud properties, while the E3SM-SCM underestimates cloud
droplet number concentration and overestimates droplet size. This is partly due to the relatively low concentration of prescribed
aerosols from the E3SM climatology compared to field observations in this case, and partly due to underestimated updrafts
that cannot activate enough aerosol particles into cloud droplets. Note that some parameters in E3SMv2 were tuned to improve
the overall performance of subtropical stratocumulus clouds (Ma et al., 2022), but turbulence over the WNAO region is
weakened compared to the pre-tuning version (close to E3SMvl) even in a long-term GCM run (Brunke et al., 2022). The
evaluation of SCM simulations against the ACTIVATE measurements can help improve turbulence representation over this

region.

Several sets of sensitivity experiments are conducted to examine ACI by changing the prescribed aerosol number size
distribution and aerosol composition in E3SM-SCM. Aircraft measurements at different heights are used to provide constraints
of the aerosol perturbation. Changing aerosol number size distributions dramatically alters the CCN number concentration,
thus largely impacting cloud droplet number concentration and size, further influencing the cloud radiative effect. However,
changing aerosol composition only shows dramatic impacts in the extremely low hygroscopicity (k) setting, where only very
few aerosols are activated into very large cloud droplets. Changing the overall k from 0.31 to 1.16 has a smaller impact on
cloud microphysical properties. The impact of aerosol composition on CCN concentration and cloud microphysics can be

larger than that shown here as it may also change the aerosol size distribution (Shrivastava et al., 2017).

In contrast to the clear Twomey effect, the cloud fraction and water content are barely impacted by aerosol perturbations, with

a very weak % susceptibility of 0.02 during the time of aircraft measurements and 0.03 for the entire simulation period.
d

The slight positive LWP adjustment is most likely due to the rain suppression effect (Albrecht, 1989). This contradicts the

d;‘rpr curve shown in the long-term E3SM GCM run over the Eastern North Atlantic Ocean (Tang et al.,

non-linear V-shape "
d

2023; Varble et al., 2023). Whether this weak positive LWP susceptibility is a case-specific or cloud-regime-specific feature

and whether SCM can reveal the same cloud susceptibility as the full GCM require further study.
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We also performed sensitivity tests to examine the impact of large-scale forcing data and aerosol vertical distribution on cloud
simulations. Among the three models for intercomparison, E3SM-SCM and WRF-LES are driven by the same large-scale and
surface forcings derived from ERAS reanalysis, while the WRF-CRM is run as a regional model with nested domains. With
the same large-scale and surface forcings from the WRF-CRM, which has weaker subsidence and stronger low-level cold and
dry air advection than the ERAS forcings, the E3SM-SCM and WRF-LES produce much thicker clouds than WRF-CRM (Figs.
S2-S4). This indicates that a proper match of large-scale dynamics, sub-grid scale parameterization, and model configurations

is needed to obtain optimal model performance.

In the current SCM framework using observed aerosols, usually only one set of values for acrosol parameters (i.e., particle
number size distribution and composition) is fed into the model regardless of the aerosol vertical distribution (Liu et al., 2011;
Liu et al., 2007; Klein et al., 2009; Lebassi-Habtezion and Caldwell, 2015; Li et al., 2023). The prescribed aerosol information
based on observations is usually taken from in-situ measurements below the cloud base (e.g., Liu et al., 2011; Li et al., 2023),
assuming that hygroscopic aerosol particles are readily activated into cloud droplets in the saturated air driven by updrafts.
However, as aerosol concentration usually decreases with height in the lower atmosphere, regional aerosol vertical distribution
may be changed by in-cloud scavenging, horizontal transport, and vertical mixing, which can further affect cloud
microphysical properties by secondary activation above cloud base (Wang et al., 2013; Wang et al., 2020). We conducted a
sensitivity experiment with a specified aerosol vertical distribution (Fig. S5), but the configuration of prescribed aerosols in
SCM only shows the response of clouds to acrosols given at the level of cloud formation. A more comprehensive consideration
of complete acrosol processes (e.g., vertical transport, scavenging, deposition, etc.) is needed (e.g., using WRF-CRM or E3SM)

to include the cloud and dynamical feedback on aerosols and better understand the aerosol-cloud interactions.

Data Availability

The ACTIVATE aircraft data and GOES-16 satellite data are available from the NASA ACTIVATE project website
(https://asdc.larc.nasa.gov/project/ ACTIVATE, DOI: 10.5067/SUBORBITAL/ACTIVATE/DATAO001). ERAS reanalysis

data are available from the Copernicus Climate Change Service Climate Data Store (CDS) (Hersbach et al., 2023b, a).

Code Availability

The E3SMv2 model is available from the U.S. Department of Energy at https://doi.org/10.11578/E3SM/dc.20210927.1 and
the SCM scripts are revised from the E3SM SCM library (https://github.com/E3SM-Project/scmlib). The WRF community

model is publicly available from the National Center for Atmospheric Research (NCAR) at
http://www2.mmm.ucar.edu/wrf/users/, and the WRF-LES model code is specifically from https://code.arm.gov/lasso/lasso-

wrf,
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