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Key Points:

+ The Simple Cloud-Resolving E3SM Atmosphere Model (SCREAMv0), at a res-
olution of 3 km, simulated three distinctive cloud regimes in cold air outbreaks
with credible mesoscale structures.

« SCREAMV0 qualitatively captures the transition of the cloud phase partitioning
based on high-resolution observations.

+ Observations selected based on large-scale conditions can be important references
for global storm-resolving model evaluation.
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Abstract

This study evaluates the performance of a global storm-resolving model (GSRM),
the Simple Cloud-Resolving E3SM Atmosphere Model (SCREAM). We analyze marine
boundary layer clouds in a cold air outbreak over the Norwegian Sea in a 40-day sim-
ulation, and compare them to observations from satellite and a field campaign of the At-
mospheric Radiation Measurement program (ARM). SCREAM qualitatively captures
the cold air outbreak cloud transition in terms of the boundary layer growth, cloud mesoscale
structure, and phase partitioning. SCREAM also correctly locates the greatest ice and
liquid in the mesoscale updraft. However, the study finds that SCREAM might under-
estimate cloud supercooled liquid water in the cumulus cloud regime.

This study showcases the promise of employing high-resolution and high-frequency
observations under similar large-scale conditions for evaluating GSRMs. This approach
can help identify model features for future process-level studies before allocating extra
resources for a time-matched model intercomparison of a specific case.

Plain Language Summary

Cold air outbreaks occur when cold, dry air moves over warmer ocean regions, form-
ing extensive boundary layer clouds. However, current climate models struggle to accu-
rately represent these clouds due to their complex nature. This study examines the per-
formance of the global storm-resolving model, the Simple Cloud-Resolving E3SM Atmo-
sphere Model (SCREAM), in simulating marine boundary layer clouds during cold air
outbreaks over the Norwegian Sea. This study compares the SCREAM simulated clouds
during a cold air outbreak event to observations under similar large-scale conditions from
satellites and ground-based measurements collected during a field campaign of the At-
mospheric Radiation Measurement program. The results indicate that SCREAM suc-
cessfully simulates three distinct cloud patterns during cold air outbreaks with credible
mesoscale structures. Yet, it tends to underestimate supercooled liquid water and con-
sequently, the cloud liquid water fraction, especially in cumulus clouds. The study sug-
gests that using high-resolution observations under similar large-scale conditions can ef-
fectively evaluate global storm-resolving models. This approach helps identify areas for
improvement without requiring expensive global storm-resolving model simulation de-
signed for specific cases.

1 Introduction

Marine cold-air outbreaks (MCAQ) are characterized by the advection of cold and
dry air masses over much warmer ocean (Pithan et al., 2018). Intense MCAOs often orig-
inate in polar regions and generate extensive boundary layer clouds (Papritz & Spen-
gler, 2017). The MCAO cloud micro/macro-physical transition and mesoscale variabil-
ity can lead to marked changes in the cloud radiative effects (Field et al., 2014). Yet, cur-
rent climate models and numerical weather prediction models poorly capture MCAO clouds
and clouds in the postfrontal cold sector in general (e.g., Field et al., 2017; Forbes & Ahlgrimm,
2014; Naud et al., 2019), because the operating scales of shallow convection and the re-
lated mixed-phase cloud processes are much finer than the model effective resolution.

Recent advances in computing have enabled the development of global storm re-
solving models (GSRMs) with kilometer-scale grid spacing as an invaluable and feasi-
ble complement to traditional climate models (e.g., Satoh et al., 2019; Stevens et al., 2019;
Neumann et al., 2019). At this frontier, the U.S. Department of Energy (DOE) Energy
Exascale Earth System Model (E3SM) project released its GSRM, the Simple Cloud-
Resolving E3SM Atmosphere Model (SCREAM) version 0 (v0), at 3.25 km resolution
(Caldwell et al., 2021). The great advantage of GSRMs is the explicit representations
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of mesoscale variabilities, such as the cloud transition in MCAQOs. However, even kilometer-
scale models still struggle to represent detailed MCAO cloud macrophysics, due to the
sub-grid-scale parameterized turbulence and microphysical processes and their tight in-
teractions with the resolved-scale dynamics and physics that cannot be parameterized
independently (e.g., Field et al., 2014, 2017).

The field campaign called Cold-Air Outbreaks in the Marine Boundary Layer FEx-
periment (COMBLE) was held by the US DOE Atmospheric Radiation Measurement
(ARM) program in 2020 over the northern Atlantic Ocean (Geerts et al., 2022). ARM
ground-based observations during COMBLE, along with pixel-level satellite retrievals,
provide valuable fine-scale observations for evaluating the resolved mesoscale variations
and sub-grid cloud-scale processes in GSRMs. However, a direct time-matched compar-
ison is impossible because, without data assimilation nor nudging to reanalysis, atmo-
spheric large-scale states in global free runs naturally drift apart from observations af-
ter 5 days (Ma et al., 2014). Therefore, this study explores an alternative strategy by
performing comparisons between clouds in SCREAM and those observed under similar
large-scale conditions. The goal of this paper is to establish a qualitative diagnosis of gen-
eral model biases in cloud processes during MCAQOs with similar large-scale features. Thus,
this work sets an exploratory stage for model bias identification, and provides guidance
for the future in-depth process-oriented model sensitivity studies to trace model error
sources and improve SCREAM performance.

The paper is organized as follows. The SCREAMv0 40-day global simulation and
COMBLE observations are briefly described in section 2. Section 3 evaluates model per-
formance on cloud mesoscale variability and phase partitioning. The final section presents
discussion and conclusions.

2 Model simulation and observations
2.1 SCREAMUvVO simulation

This study analyzes the SCREAMv0 40-day global simulation at 3.25 km grid spac-
ing with prescribed SST and sea ice between 20 January and 1 March 2020 (Caldwell
et al., 2021). This simulation produced ~ 4.5 TB output data per simulated day, which
are regridded to 0.05° lat—lon grids. SCREAMvO0 adopts Simplified Higher Order Clo-
sure (SHOC; P. Bogenschutz & Krueger, 2013) as the turbulence scheme and the Pre-
dicted Particle Properties (P3; Morrison & Milbrandt, 2015) as the cloud microphysics
scheme. P3 uses one single category for ice, in which the ice water variables, such as wa-
ter path (IWP) and mixing ratio (¢;), include both cloud and precipitating ice (snow and
graupel). The model liquid water path (LWP) here also includes rain water path to be
more consistent with the definition of model IWP and ARM LWP retrievals. For fur-
ther model details, please refer to Supporting Information.

2.2 Observational data

The ARM Mobile Facility (AMF1) of COMBLE was deployed at a coastal site near
Andenes in northern Scandinavia (69°N, 16°E) between 1 December 2019 and 31 May
2020 (Geerts et al., 2022). The Active Remotely-Sensed Cloud Locations (ARSCL) prod-
uct (Kollias et al., 2007) is used for the cloud structure analysis and the hourly total cloud
fraction (Xie et al., 2010). To quantify the cloud phase partition, the cloud liquid wa-
ter fraction is defined as the ratio of LWP to (LWP-+IWP), in which LWP measurements
are from microwave radiometer (Cadeddu et al., 2013) and IWP retrievals are based on
cloud radar and lidar data (Deng et al., 2022). Furthermore, cloud top temperatures are

calculated using the observed cloud top heights and 6-hourly radiosonde soundings (Holdridge,

2020; Hu, Lebo, et al., 2023). To minimize uncertainties in such calculation, we only in-
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clude data within a one-hour window of the radiosonde launching time for evaluating the
relationship between cloud top temperature and cloud liquid fraction.

Since COMBLE AMF1 was located (Fig. 1a) more than 1000 km away from the
sea-ice edge, it only observed the downstream cumulus regime during MCAQOs. To cap-
ture the cloud transition over the open ocean (Fig. 2), we use satellite data from Mod-
erate Resolution Imaging Spectroradiometer (MODIS), CloudSat, and Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observations (CALIPSO). The pixel-level cloud re-
trievals are available with similar spatial resolutions as in SCREAMv0, which include
cloud top temperature, cloud masks, cloud top phase, whole cloud phase, and the ver-
tical profiles of radar reflectivity (Sassen et al., 2008; Marchand et al., 2008). There are
five satellite paths capturing the cloud transition during the selected MCAO days in the
COMBLE region (Fig. S5).

2.3 Selection of MCAO cases for model-observation comparison

To compare SCREAMvO clouds with observations, we identify MCAQO events us-
ing an MCAOQO index (M), where M represents the difference between the surface skin
and 800 hPa potential temperature (M = 05—0g00nra). MCAO events are character-
ized by a positive M index in the COMBLE region(1°W-17°E,63° N-80°N) and prevail-
ing northwesterly surface winds around the Norwegian coast (Fletcher et al., 2016; Geerts
et al., 2022).

In the 40-day SCREAMvO global simulation, the most intense simulated MCAO
event in the COMBLE region occurs from Day 33 to Day 36 and peaks on Day 34 (Fig.
S1). Daily-mean maps (Fig. 1) of surface conditions on Day 34 confirm that a low pres-
sure system just passed north of the Norwegian coast with the majority of the Norwe-
gian Sea is experiencing strong northwesterly surface wind. Along the large-scale flow
from the Arctic sea-ice edge to the Norwegian coast, the M index exceeds 5K with a peak
value of ~ 10K. The lowest model level wind speed exceeds 10 ms~! and even reaches
16 ms~!. As a result, the daily-mean sensible heat flux is higher than 450 Wm =2 right
off the sea-ice edge and gradually reduces to ~ 100 Wm ™2 near the Norwegian coast,
whereas the latent heat flux is higher than 150 Wm ™2 with a maximum region of ~ 250
Wm =2 north of the Norwegian coast. These maps all indicate a typical large-scale en-
vironment of intense MCAOs (Geerts et al., 2022; Pithan et al., 2018).

Because the SCREAMv0 simulation is a free run without constraining the large-
scale circulations towards observations, the large-scale atmospheric conditions on Day
34 have drifted away from the observed states matching the simulated period. To ad-
dress this temporal mismatch, we selected observational cases with the similar large-scale
conditions as those on Day 34. Such selection is based on the combined root-mean-square
error (RMSE) and Pearson correlation coefficient of daily-mean sea-level pressure, 2-m
air temperature, 700-hPa geopotential height, and 500-hPa geopotential height between
the SCREAMv0 Day 34 and ERA5 data in February and March, 2020 (Fig. S2a). The
large-scale condition on 28 March 2020 (Fig. S3) is found to be the closest match to that
on Day 34 (Fig. 1). In addition, the magnitude and distribution of the M index across
the Norwegian Sea shown in Fig. 1b is very similar to that on 28 March 2020 (Fig. S3a
and Fig. 2 in Geerts et al., 2022). Therefore, to examine the general behavior of cloud
regime transition, cloud observations from 28 March 2020 (Fig. 2) are used as the ob-
servational reference to compare with the instantaneous cloud fields on Day 34 (Fig. 3).

Meanwhile, in the SCREAMvO0 simulation the large-scale conditions on Day 33 show
the highest similarity to those on Day 34 (Fig. S2b, Fig. S4). In observations, MCAOs

on March 19, 20, 27, and 29 all bear similarities to the conditions on March 28, 2020 (Fig. S2a).

In the following, observations from March 19, 20, 27, 28 and 29 are used to evaluate the
statistical features of the detailed cloud phase partitions, and their interaction with dy-
namics on Day 33 and 34 (Fig. 4-5).



167 3 Results

168 3.1 Cloud morphology transition

169 The large-scale cloud field associated with intense MCAO events usually consists

170 of three different regimes. Clouds offshore of the sea-ice edge are overcast BL clouds em-

71 bedded with fine-scale cloud rolls. As the large-scale air mass moves southward to the

172 open ocean, the clouds grow deeper and become more distinctive cloud streets with plenty

173 of supercooled cloud liquid (Tornow et al., 2021). Over the downstream region near the

174 coast, the clouds transition to less organized open-cellular clouds, and eventually ice-dominated

175 cumulus clouds that may be 4-5 km deep (e.g., McCoy et al., 2017; Lloyd et al., 2018;
176 Geerts et al., 2022; Wu & Ovchinnikov, 2022).

177 The MCAO on 28 March 2020 (Fig. 1f) is a typical example of such cloud tran-
178 sition. The snapshot of the simulated SWCRE on Day 34 at 1200UTC [12-13 local stan-
179 dard time (LST)] demonstrates that SCREAMvO is capable of generating all three regimes:

180 overcast shallow BL cloud deck, cloud streets and scattered cumulus clouds (Fig. 1lc).
181 The vertical cross-section along the red dashed line in Fig. 3a covers the regime tran-
182 sition, whose mesoscale cloud structure is demonstrated with model instantaneous cloud

183 variables (Fig. 3).

184 In the upstream overcast BL cloud region (e.g., north of 75 °N in Fig. lc, and the
185 first 500 km of the vertical cross-section in Fig. 3), while many km-scale models often
186 tend to underestimate cloud fraction and the related cloud radiative forcing (Field et al.,
187 2017), SCREAMvO faithfully reproduces a homogeneous overcast stratocumulus cloud
188 deck (Fig. 1c), although lacking fine-scale cloud roll structures when compared with the

189 MODIS reflectance (Fig. 1f). The simulated planetary boundary layer (PBL) originates
190 below 1 km and gradually grows to near 2 km in depth (Fig. 3c), consistent with the ob-
101 served clouds in the same regime (Fig. 2b). The cloud top temperature, defined as the
102 model air temperature at the top of the cloud layer, is ~ —20——25°C' (Fig. 3b,d). A

103 thin supercooled liquid cloud layer exists at the top of the PBL with ice-phase hydrom-
104 eteors falling out of the cloud layer (Fig. 3c). The solid cloud layer is maintained by sub-

195 grid PBL turbulent processes, given the weak model-resolved vertical velocity (<= 0.5
196 Pa/s in Fig. 3e). All these imply that SHOC (P. Bogenschutz & Krueger, 2013) effec-
107 tively represents the PBL turbulence and BL clouds generated in strong offshore flows

108 with significant sensible heat flux and lower-troposphere instability (Field et al., 2014).

199 Between ~ 550 — 700 km of the vertical cross-section, the cloud streets emerge

200 in SCREAMvO0 as the PBL deepens to above 2km and the resolved updrafts and down-
201 drafts intensify (>+3.5Pa/s ~ £0.3m/s Fig. 3e,f). Within this regime, the supercooled
202 liquid cloud layer breaks up with reduced peak cloud water content (Fig. 3c¢,d) and the

203 ice underneath intensifies and collocates with the resolved updrafts (Fig. 3e,f). The daily-

204 mean cloud structures also show a cloud top deepening with decreasing supercooled lig-
205 uid clouds (Fig. 1g). While clouds extend higher, cloud top temperatures remain sim-

206 ilar to those of the overcast cloud regime due to the continuous warming of the PBL by
207 the surface sensible and latent heat. The model vertical cross-sections, both along and
208 across the clouds streets (Fig. 3e,f), reveal organized secondary circulations, which con-
200 sist of a strong updraft within each convective cloud cell and compensating subsidence
210 between cells (Gryschka & Raasch, 2005; Briimmer, 1999). These convective cells align
m with wind direction to form cloud streets, while the strong subsidence between streets

212 cause the clouds to break up. Compared with the upstream overcast clouds off the sea-
213 ice edge, more individual cloud cells appear along the CloudSat orbit indicating the scale
214 of the observed convective clouds is increased (Fig. 2b).The simulated cloud streets (Fig.

215 lc,f) are wider (15-50 km) compared to observed streets (5-10 km). This difference may
216 be attributed to the typical aspect ratio of roll convection in MCAOQOs ranging from 2 to
217 10 (e.g., Briimmer, 1999; Yang & Geerts, 2006). Given SCREAMv0’s effective resolu-
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tion (~ 15 km, Caldwell et al., 2021), a convective mixed layer depth of approximately
2 km is required for distinct rolls to form.

Surface sensible heat flux decreases and latent heat flux increases along the northwest-
to-southeast flow towards the Scandinavian coast (Fig. 1d,e). This leads to the breakup
of organized cloud streets and their transition into scattered cumulus clouds with sim-
ilar spatial sizes but clearer edges compared to observed cumulus clouds in the MODIS
reflectance (Fig. lc,f). These simulated cumulus clouds, deeper than the upstream cloud
streets, are primarily composed of ice (Fig. 3a,b). At the end of the cross-section, the
simulated cloud-top height is ~ 3 km, and the cloud top temperatures exhibit clear fluc-
tuations, occasionally dropping as low as —30°C' (Fig. 3b,c).

The SCREAMvO0 daily mean cloud-top height, estimated from daily mean ¢; and
qc, 1s slightly lower than the median value of hourly ARM cloud top heights(Fig. 1g) in
the region. Additionally, the SCREAMO daily-mean cloud cover (~ 0.85—0.9, depicted
as the black line in Fig. 1 h) is close to the range of the ARM hourly cloud cover (~ 0.82—
1). The simulated daily mean IWP aligns with the observed median value, whereas the
simulated daily mean LWP is significantly lower than the 25 percentile of ARM hourly
LWPs (Fig. 1i). Consistently, the daily mean simulated cloud liquid water fraction in
this area is ~ 0.07 (Fig. 1h), notably lower than he observed variability range of 0.23
to 0.48 based on hourly data (Fig. 1i). Furthermore, an uncertainty analysis consider-
ing observational uncertainties (supporting information for details) in ARM IWP and
LWP suggests that daily mean cloud liquid water fraction likely ranges between 0.12 and
0.45, which is also higher than the simulated value.

3.2 Cloud phase partition

The observed COMBLE MCAOs undergo a distinct cloud phase transition (Fig. 2).
In the upstream overcast cloud deck region, satellite lidar-based retrievals identify the
cloud top phase as supercooled liquid and the combined lidar-radar retrievals further con-
firm the whole cloud layer to be mixed-phase, similar to the findings in the Arctic of a
supercooled layer at the top of stratocumulus clouds with continuous ice particles be-
low the liquid cloud base (Jackson et al., 2012; Klein et al., 2009; Verlinde et al., 2007).
In the downstream cloud streets and cumulus regimes (Fig. 1g,h), both the satellite cloud-
top and whole-cloud phase retrievals indicate more dominance of cloud ice (Fig. 2), which
is also supported by the ground-based ARM observation (Fig. 1h,i).

The SCREAMv0 simulated MCAO clouds reproduce a similar transition from the
upstream mixed-phase clouds with a supercooled liquid layer near the cloud top to the
downstream ice-dominated cumulus (Fig. 1h,i and Fig. 3a). In terms of IWP and LWP,
SCREAMvO0 clouds are dominated by ice, particularly for cloud streets and scattered cu-
mulus (Fig. 1h,i and Fig. 3a). The modeled cumulus top heights are lower with warmer
cloud-top temperatures than the observed (Fig. 1g and Fig. 5g). Even so, the SCREAMv0
LWP is much lower, e.g., below the 25th percentile of ARM LWPs(Fig. 1i). This leads
to cloud liquid water fraction lower than the 25th percentile of ARM data (Fig. 1 h).

To further assess the SCREAMvVO cloud phase partition and its relationship to dynam-
ics and temperature, we focus on two relationships between: 1) model-resolved updraft
and cloud IWP and LWP respectively, 2) cloud liquid water faction and cloud-top tem-
perature. As aforementioned, these analyses adopt 3-hourly instantaneous model out-
puts of SCREAMv0 Day 33 and 34, and observations of five selected days for statisti-
cal robustness.

On the dynamic impact, Fig. 4 presents the joint probability distribution function
(PDF) between the peak model-resolved vertical velocity below cloud tops and IWP and
LWP respectively for BL clouds. The peak model-resolved vertical velocity represents
the maximum absolute vertical velocity value beneath the cloud top, specifically at the
highest level where ¢;+q. > le~*g/kg. This peak model-resolved vertical velocity cor-



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

responds to in-cloud updrafts and downdrafts(Fig. 3e,f) associated with the secondary
flow of roll and cell convection (Briimmer, 1999; Yang & Geerts, 2006). The cloud streets
with high IWP and LWP values (e.g., top 10% and 1% percentile) were found to be mainly
collocated with updrafts (Fig. 4e,f). Although grid-boxes with high cloud liquid water
fraction mainly locate around cloud edges in cloud streets and cumulus regimes (Fig. 3a),
a very small portion (< 0.01 Joint-PDF value) of high IWPs (> 200g/m?) in the cu-
mulus cloud regime is found in downdrafts (Fig. 4g), likely around the edges of deeper
cumulus clouds (Fig. 3a,b,e). Previous observational studies using ground-based data
found strong correlations between vertical velocity and both IWP and LWP in Arctic
mixed-phase stratiform clouds (Shupe et al., 2008) and between the cloud liquid water
and updrafts in COMBLE MCAO cumulus clouds (Mages et al., 2023). Air-borne flight
data indicate no evidence of cloud ice collocating with strong updrafts in the Southern
Ocean cumulus clouds (Hu, Geerts, et al., 2023). Therefore, further process-oriented mod-
eling studies and more observational evidence are needed to fully understand the strong
correlations between updrafts and IWP/LWP found in SCREAMvO.

On the temperature impact, Fig. 5 presents the joint-PDFs between cloud liquid
water fraction and cloud-top temperature in the three cloud regimes shown in Fig. 4a,b.
To compare model and observation, we further assume correspondences between the phase
identification and the value of cloud liquid water fraction: ice for less than 0.1, liquid for
greater than 0.9, and mixed-phase for between 0.1 and 0.9. Compared with observations,
the SCREAMv0 PDFs show less frequent liquid-phase clouds across all regimes, espe-
cially those with cloud-top temperature < —15°C. In cloud streets and scattered cu-
mulus regimes with cloud-top temperature < —25°C), there are a notable portion of mixed-
phase clouds in both satellite and ARM observations (Fig. 5 ¢ and g). However, SCREAMv0
indicates shows all ice-phase clouds (Fig. 5 f), despite the limited presence of SCREAM-
modeled clouds with cloud-top temperatures of < —25°C' | primarily due to insufficient
cloud depth. The cloud-top phase partitioning from satellite retrievals and the model
estimates (Fig. S6) also suggests that cloud-top supercooled water is underestimated
in SCREAMvO for cloud-top temperature < —15°C". Since the ice initiation and pro-
duction processes are primarily temperature dependent in model microphysics schemes
(e.g., Field et al., 2014; Morrison & Milbrandt, 2015; Hu, Geerts, et al., 2023), more in-
depth sensitivity tests are needed to understand such discrepancies.

It is worth noting that the assumed SCREAM cloud phase partitioning mentioned
above is considered rudimentary and arbitrary. Consequently, it may not effectively cap-
ture the subtle sensitivity of various satellite cloud phase retrieval algorithms to cloud
microphysics (D. Zhang et al., 2010). Ideally, more realistic satellite simulators should
be employed (e.g., Y. Zhang et al., 2019), but they are not available in this SCREAMv0
simulation.

4 Summary

This study evaluates the performance of a global storm resolving model, SCREAMv0,
in representing the transition of cloud morphology, and cloud phase partitioning during
MCAO events against both satellite and ground-based observations collected in the North
Atlantic during the ARM COMBLE field campaign.

On MCAOQO cloud morphology, SCREAMv0 captures the cloud mesoscale variabil-
ity: solid stratiform clouds off sea-ice edge, cloud streets over open oceans and scattered
cumulus clouds near the Norwegian coast. Accompanying the cloud transition, SCREAMvO0
captures the deepening of PBL and intensification of circulations that support cloud streets.
However, when compared to observations, SCREAMvO0 falls short in reproducing roll cloud
structures near the sea-ice edge, and it exhibits much larger horizontal spacing between
cloud streets ~ 500km downstream. This discrepancy is partly due to SCREAMv0’s
effective resolution and should improve with higher model resolution.



320 Using samples from multiple observed and modeled MCAOQO days, we found that
321 SCREAMv0 underestimates the cloud liquid water fraction in regimes of cloud streets
322 and scattered cumulus, even with much warmer cloud-top temperatures than the observed.
23 In addition, the high values of cloud IWP and LWP positively correlate with the resolved-
324 scale updrafts in SCREAMv0, indicating that cloud ice and liquid condensates are mainly

35 generated in the mesoscale updrafts for the cloud streets and scatter cumulus regimes.

326 Based on joint PDF's between cloud liquid water fraction and cloud-top temperature, SCREAMv0

327 underestimates the occurrence of supercooled clouds for cloud-top temperatures rang-

328 ing from —15 to —30°C when compared with both satellite and ARM data. Such tem-

329 perature range is much higher than the typical temperature needed for homogeneous freez-

330 ing (< —38°C). One possibility is that the SCREAMv0 treatment of the Wegener—Bergeron—Findeisen
331 (WBF) process in mixed-phase clouds might be too efficient, e.g., the assumed maximum

332 vertical overlap between liquid and ice for WBF might unrealistically enhance the liquid-

333 to-ice transition (Caldwell et al., 2021). Another possibility is that the prescribed aerosols
334 in SCREAMv0 might provide overabundant Ice Nuclei (IN) without sufficient depletion

335 processes. As a result, when air masses are carried by model-resolved updrafts to height
336 levels close to condensation, there are sufficient IN and water for cloud ice to grow and
337 induce other processes for further ice-phase growth within and below the cloud layer (Hu,

338 Geerts, et al., 2023; Shupe et al., 2008). Testing these hypothesis is a target for future
339 work.

340 Due to the limited 40-day SCREAMvO0 global run, our analysis is based on two days
341 of a simulated MCAO event and five observed MCAOQO days with similar large-scale con-
342 ditions. Meanwhile, satellite cloud phase retrievals and the ARM ground-based cloud

343 ice retrieval are challenging for heterogeneous mixed-phase clouds, with considerable un-
344 certainties to be better quantified (Marchant et al., 2020; Ahn et al., 2018; Hu, Geerts,

345 et al., 2023; Deng et al., 2022). A future comprehensive analysis using more MCAO cases,
346 improved retrievals and model satellite simulators could help reduce sampling biases. In
347 addition, we will investigate the impacts of prescribed aerosols and simplified mixed-phase
348 cloud microphysics in SCREAMv0 using the Doubly Periodic configuration of SCREAM
349 (DP-SCREAM) (P. A. Bogenschutz et al., 2023) and Regionally Refined Model config-

350 uration of SCREAM (RRM-SCREAM) that simulates a portion of the globe at the kilometer-
351 resolution and leaves the remaining area at coarse-resolution for computational efficiency.
352 Hopefully such process-level sensitivity study against high quality observations will help
353 improve SCREAM in detailed representations of the MCAQO mixed-phased cloud tran-

354 sition.



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

Acknowledgments

We would like to express our gratitude to the ARM Data Facility and the COMBLE
team for providing field campaign observation data, as well as the E3SM and SCREAM
development team for supplying the global SCREAMv0 simulation output. Our thanks
also go to the MODIS, CALIPSO, and CloudSat cloud product teams for making their
data publicly available. Special appreciation is extended to Dr. Matthew Lebsock for
his invaluable assistance with CloudSat data products. This work was funded by the At-
mospheric System Research program of the U.S. Department of Energy under the project
'Tying in High-Resolution E3SM with ARM Data (THREAD)’. Most of the analyses were
conducted using computing resources from the National Energy Research Scientific Com-
puting Center (NERSC). This work was performed under the auspices of the U.S. De-
partment of Energy by LLNL under contract DE-AC52-07NA27344. LLNL-JRNL-856632.
The Pacific Northwest National Laboratory (PNNL) is operated for DOE by the Bat-
telle Memorial Institute under contract no. DE- AC05-76RLO1830. B. Geerts is sup-
ported by DOE Atmospheric System Research (ASR) Grants DE-SC0018927 and DE-
SC0021151. M. Deng’s work was partially supported by the Office of Biological and En-
vironmental Research in the Department of Energy, Office of Science, through the United
States Department of Energy Contract No. DE-SC0012704 to Brookhaven National Lab-
oratory. Z. Zhang’s work is partly supported by the Atmospheric System Research grant
(DE-SC0020057). C. R. Terai and P. Caldwell’s efforts were supported as part of the En-
ergy Exascale Earth System Model (E3SM) project, funded by the U.S. Department of
Energy, Office of Science, Office of Biological and Environmental Research.

Open Research

The SCREAMvV0 output used in this study is publicly available as part of the DYA-
MOND?2 intercom- parison as described at https://www.esiwace.eu/services/dyamond.
The code base for this global SCREAMv0 simulation is available at https://github.com/
E3SM-Project/scream/releases/tag/SCREAMvO.

All the ARM and satellite data downloaded for this study are archived and avail-
able online through the NERSC Science Gateways https://portal.nersc.gov/project/
mp193/xzheng/COMBLE/. For the original data source, all ARM observational data sets
used in this study are publicly available from the ARM data archive site (https://adc
.arm.gov/discovery/#/results/iopShortName: :amf2019comble/datastream: : anxarmbeatmM1
.cl/datastrean: :anxarmbecldradMi.cl/datastream: :anxarsclkazrikolliasM1.cO).
MODIS MODO06_L2 cloud product are publicly available from (https://ladsweb.modaps
.eosdis.nasa.gov/missions-and-measurements/products/M0D06_L2, DOI:10.5067/MODIS/MOD06_L2.061).
CloudSat products can be ordered from the CloudSat Data Processing center (https://
www.cloudsat.cira.colostate.edu/order/). To download CloudSat data, a new user
must first create an account by filling out the signup form (https://www.cloudsat.cira
.colostate.edu/accounts/signup/).

ERAS5 hourly data on single levels and pressure levels are downloaded from Coper-
nicus Climate Change Service (C3S) Climate Data Store (CDS). (Hersbach, Bell, Berris-
ford, Biavati, et al., 2023; Hersbach, Bell, Berrisford, P., et al., 2023).
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Figure 1. SCREAMv0 MCAO event on Day 34: daily-mean map of (a) sea level pressure
(hPa) and (b) MCAOQ index (K); (c) snapshot of shortwave cloud radiative effect (Wm™?)

with near surface wind at 1200UTC (12-13LST); daily-mean map of surface (d) latent heat flux
(Wm™2), and (e) sensible heat flux (Wm™2) with near surface wind field over the COMBLE
region. (f) MODIS reflectance with ERA5 near surface wind (vectors, ms™') on 28 March 2020
around 1100UTC. On (c) and (f), the red lines are 100-km reference lines and the cyan dashed
line is a 300-km reference line. The location of the ARM AMF1 site is marked as a red dot on
(a) and (b). The vertical cross section of daily-mean (g) cloud ice condensate (shaded, gkg™!),
cloud liquid condensate (contours,gkg™") within the band of green dashed lines on (b), and
plotted as a function of fetch from the Arctic ice edge. The variability range of the ARM ob-
served hourly cloud top height on 28 March 2020 is shown as navy box-whiskers. (h) Daily-mean
low-level cloud cover and cloud liquid water fraction (CLF), along with the variability range of
the ARM hourly cloud liquid water fraction (green box-whiskers). (i) Daily-mean IWP (orange
dashed) and TWP (navy) (gm~2) within the green dashed band in (b), along with the variability
range of the ARM observed hourly IWP (orange box-whisker) and LWP (blue box-whisker). Box
and whiskers show 25th, median, 75th, 5th, and 95th percentile of the hourly observational data.
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Figure 2. (a) MODIS reflectance during the MCAO event on March 28, 2020. The orange-

blue-orange line from Greenland to Norway indicates the path of CALIOP and CloudSat mea-
surements shown in (b) and (c). (b) Vertical cloud structure across the cloud field during the
MCAO event sampled by CALIOP and CloudSat, including CloudSat radar reflectivity (shaded),
CALIOP lidar cloud top height (gray solid line), sea surface temperature (ECMWF-AUX, black),
and CALIOP cloud top temperature retrieval (magenta dots). The orange-blue-orange line, along
with corresponding letters, represents the path and locations in (a). (¢) CALIOP cloud top phase
retrieval (blue dots) and satellite lidar-radar combined whole cloud phase retrieval (black dots).
Note that CALIOP cloud top phase retrievals are shifted by -0.3 km for clarity.
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Figure 3. Snapshot of the SCREAMvO simulated (a) cloud liquid water fraction and (b)
cloud top temperature over the COMBLE region on Day 34 at 1200UTC (12-13LST). The ver-
tical cross section of (c) cloud ice condensate (shaded), cloud liquid condensate (contours), and
cloud top temperature (magenta symbols) and (e) resolved omega vertical velocity (shaded) and
cloud ice condensate (contours) along the cloud street marked as the red dash line in (a-b). (d)
and (f) represent the same as (¢) and (e) but across the cloud stress (cyan dashed line in a-b and
Fig. 1c,f). The start and end of the cloud street, determined by the shortwave cloud radiative
effect, are marked by red squares on (c) and (e). The y-axis in (c-f) is the geopotential height

estimated from surface pressure, temperature and humidity.
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Figure 4. Snapshot of SCREAMvO (a) IWP and (b) LWP on Day 34 at 1200UTC. Joint-PDF
of the 3-hourly instantaneous model-resolved updraft and (left) IWP and (right) LWP during
Day 33 and Day 34 over three areas as shown in (a-b). (c-d) Joint PDF for the overcast BL
clouds within the green box in (a-b). (e-f) Joint PDF for the cloud streets within the blue box in
(a-b). (g-h) Joint PDF for the scattered cumulus clouds within the orange box in (a-b).
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Figure 5. Joint-PDF's of the satellite lidar-radar combined cloud phase retrievals vs. cloud
top temperature from 19, 20, 27, 28, 29 March 2020 for (a) overcast cloud regime, (b) transition
regime corresponding to the modeled cloud street region, and (c) scattered cumulus cloud regime
as shown in Fig. 2 and Fig. S5. Joint-PDFs of the SCREAMvO cloud liquid water fraction vs.
cloud top temperature on Day 33-34 at 0900UC and 1200UTC for the (d) overcast region, (e)
cloud street region, and (f) scattered cumuli region as shown in Fig. 4(a). (g) Joint-PDF of ob-
served cloud liquid water fraction vs. cloud top temperature at the ARM AMF1 site on 19, 20,
27, 28, 29 March 2020.
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