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Abstract

Marine cold-air outbreaks, or CAOs, are airmass transformations whereby relatively cold boundary layer (BL) air is transported
over relatively warm water. Such convectively-driven conditions are rather ubiquitous in the high-latitudes, occurring most
frequently during the winter and spring. To more deeply understand BL and cloud properties during CAO conditions, the
Cold-Air Outbreaks in the Marine Boundary Layer Experiment (COMBLE) took place from late 2019 into early 2020. During
COMBLE, the U.S. Department of Energy (DOE) first Atmospheric Radiation Measurement Mobile Facility (AMF1) was
deployed to Andenes, Norway, far downstream (71000 km) from the Arctic pack ice. This study examines the two most intense
CAOs sampled at the AMF1 site. The observed BL structures are open cellular in nature with high (73-5 km) and cold (-30 to
-50 oC) cloud tops, and they often have pockets of high liquid water paths (LWPs; up to "1000 g m-2) associated with strong
updrafts and enhanced turbulence. We use a high-resolution mesoscale model to explore how well four different turbulence
closure methods represent open cellular cloud properties. After applying a radar simulator to the model outputs for direct
evaluation, we show that cloud top properties agree well with AMF1 observations (within "10%), but radar reflectivity and
LWP agreement is more variable. The eddy-diffusivity /mass-flux approach produces the deepest cloud layer and therefore the
largest and most coherent cellular structures. Our results suggest that the turbulent Prandtl number may play an important

role for the simulated BL and cloud properties.
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Key Points:

e Cloud properties are well-simulated compared to satellite and ground-based in-
struments

« Eddy diffusivity-mass flux approach produces the deepest clouds and largest cell
sizes

e Precipitation in the form of rain and graupel initiate cloud transition from closed

to open cells
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Abstract

Marine cold-air outbreaks, or CAQOs, are airmass transformations whereby relatively cold
boundary layer (BL) air is transported over relatively warm water. Such convectively-
driven conditions are rather ubiquitous in the high-latitudes, occurring most frequently
during the winter and spring. To more deeply understand BL and cloud properties dur-
ing CAO conditions, the Cold-Air Outbreaks in the Marine Boundary Layer Experiment
(COMBLE) took place from late 2019 into early 2020. During COMBLE, the U.S. De-
partment of Energy (DOE) first Atmospheric Radiation Measurement Mobile Facility
(AMF1) was deployed to Andenes, Norway, far downstream (~1000 km) from the Arc-
tic pack ice. This study examines the two most intense CAOs sampled at the AMF1 site.
The observed BL structures are open cellular in nature with high (~3-5 km) and cold
(-30 to -50 °C) cloud tops, and they often have pockets of high liquid water paths (LWPs;
up to ~1000 g m~2) associated with strong updrafts and enhanced turbulence. We use

a high-resolution mesoscale model to explore how well four different turbulence closure
methods represent open cellular cloud properties. After applying a radar simulator to

the model outputs for direct evaluation, we show that cloud top properties agree well
with AMF1 observations (within ~10%), but radar reflectivity and LWP agreement is
more variable. The eddy-diffusivity /mass-flux approach produces the deepest cloud layer
and therefore the largest and most coherent cellular structures. Our results suggest that
the turbulent Prandtl number may play an important role for the simulated BL and cloud

properties.

Plain Language Summary

Over the high latitude oceans, shallow clouds containing both liquid and frozen hy-
drometeors, or mixed-phase clouds, are frequently present. Moreover, they are impor-
tant to the climate system due to their role in the radiation and moisture budgets. As
a result of their microphysical makeup, they are especially challenging to simulate ac-
curately for many numerical models across a range of spatial scales. To better under-
stand these clouds during an intense outbreak of cold air from the Arctic, we utilize mea-
surements from a recent field campaign called the Cold-Air Outbreaks in the Marine Bound-
ary Layer Experiment (COMBLE). We complement the COMBLE observations with high-
resolution numerical modeling to reveal more information about the cloud structures.

We find that the simulated cloud properties, including morphology and abundance of
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liquid water at subfreezing temperatures, are dependent upon the method used to rep-

resent vertical turbulent exchanges between the ocean and atmosphere.

1 Introduction

The Arctic’s atmospheric environment is complex, in part due to the presence of
exposed land surface, sea ice, and open ocean that conspire to create a wide range of surface-
atmosphere interactions. In this high-latitude region, where pack ice extends over much
of the Greenland Sea during the cold season, synoptic-scale meteorological conditions
periodically favor cold-air outbreaks (CAOs; e.g., Pithan et al., 2018). One of the most
intense air mass transformations on Earth occurs during these CAO conditions as cold
Arctic air passes over the much warmer open ocean. Surface heat fluxes arising from air-
sea interactions are amongst the highest observed on Earth (e.g., Papritz & Spengler,
2017), supporting highly convective, mixed-phase clouds (MPCs) capable of producing
intense precipitation, predominantly in the form of snow. These MPCs, which are an im-
portant component of the Arctic climate and Arctic amplification (e.g., Pithan et al.,
2014), occur quite frequently. Based on a satellite climatology examining ice-free areas
in the Norwegian and Barents Seas, Briitmmer and Pohlmann (2000) conclude that or-
ganized convective patters are present more than 50% of the time. Despite the profound
impact that CAOs have on global atmospheric and oceanic circulations, surprisingly lit-
tle is known about (4) their downstream evolution, (i) the relationship between their
up- and downstream cloud morphologies, or (i) the connection between surface fluxes,

boundary layer structure, cloud and precipitation properties, and mesoscale circulations.

Marine CAOs are rich in BL structure and convective cloud processes due to the
tight coupling between the ocean and atmospheric BL in addition to complex motions
spanning from the mesoscale to the microscale. Airmass lifetime over open water is im-
portant because mesoscale cloud organization and cloud properties evolve with fetch. Due
to the interplay between strong wind shear and intense surface buoyancy, shallow, moist
convection is initially organized into cloud streets (0<-z;/L<20, where z; and L are the
BL depth and Obukhov Length) by a helical roll circulation that enhances surface fluxes
(Renfrew & Moore, 1999). These roll clouds, which may extend for 100s of km, widen
as the BL deepens (e.g., Young et al., 2002). Further downwind from the ice edge, the
wind shear reduces (due to a weakening of the low-level ageostrophic wind component

and turbulent mixing of momentum in the BL; Saggiorato et al., 2020), and the air-sea
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temperature contrast decreases. As the BL continues to grow, linearly aligned convec-
tion tends to transition to closed cellular convection, typically around -z;/L = 50 (e.g.,
Khanna & Brasseur, 1998). The transition from closed to open cellular convection in ma-
rine CAOs tends to occur some distance further downstream (e.g., Wu & Ovchinnikov,
2022). Open cells tend to expand laterally before breaking up, with recent studies in-
dicating the important roles of ice and precipitation processes (e.g., Eirund et al., 2019;

Tornow et al., 2021).

These CAO cloud transitions, as vividly illustrated in satellite imagery, are believed
to result from interactions between surface fluxes, BL circulations, turbulence, clouds,
precipitation, and radiative processes. Numerical weather prediction (NWP) and climate
models across a range of spatial scales continue to struggle with representing surface het-
erogeneities and related small-scale circulations (e.g., Bou-Zeid et al., 2020), which are
critically important under CAO conditions. Intercomparison studies of marine CAO clouds
using mesoscale models highlight the spread between models with respect to cloud or-
ganization (Tomassini et al., 2017) as well as phase partitioning and thus radiative fluxes
(Field et al., 2017). Therefore, a better understanding of the complex interactions in CAO
convection is especially pertinent for numerical models, as these interactions may be par-
tially subgrid-scale and thus fall within a dynamic “gray zone” where mesoscale convec-
tive circulations and BL processes are tightly coupled and cannot be parameterized in-
dependently (Field et al., 2017). Furthermore, the resolution required to capture ma-
rine CAO convection in NWP models such as the Weather Research and Forecasting (WRF)
model (Skamarock & Klemp, 2008; Skamarock et al., 2019) falls within the “Terra Incog-
nita” (Wyngaard, 2004), where neither one-dimensional (1D) planetary boundary layer
(PBL) parameterizations, nor subgrid turbulence parameterizations that are used in large-
eddy simulation, are strictly applicable. The Terra Incognita broadly corresponds to hor-

izontal grid cell spacings, 0.1 z;< A<z; (Rai et al., 2019).

Numerical modeling in the Terra Incognita or the gray zone of turbulence has been
the focus of many recent studies in the field of BL meteorology (e.g., Honnert et al., 2011;
Ching et al., 2014; Zhou et al., 2014; Tto et al., 2015; Shin & Hong, 2015; X. Zhang et
al., 2018; Goger et al., 2019; Angevine et al., 2020; Juliano, Kosovié, et al., 2022; Zonato
et al., 2022; Efstathiou, 2023). With respect to CAOs, de Roode et al. (2019) conducted
a follow-up intercomparison study of the same CAO case examined by Tomassini et al.

(2017) except using large-eddy simulation models. Within the Dutch Atmospheric Large-
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Eddy Simulation model (Heus et al., 2010), convergence in cloud properties across the
range 0.25 km< A <4 km was found at approximately 0.25z; (equivalent to A=0.5 km).
Nonetheless, results were not consistent across participating models, motivating the need
to utilize a single dynamical core that has multiple options to parameterize turbulence

at mesoscale resolutions that fall within the turbulence gray zone.

In the present study, we use the WRF model to further explore how well 1D tur-
bulence closure methods can simulate the mesoscale organization and cloud microphysics
and macrophysics of convective cells during two intense Arctic CAOs observed in March
2020. Sensitivity simulations focus on four turbulence closure approaches. The remain-
der of the paper is organized as follows. Section 2 outlines the measurements, method-
ologies, and modeling configurations used to study the CAO cases. Analysis of the data,
evaluation of the simulations, and examination of the airmass history are presented in

Section 3. Lastly, a summary of our findings is provided in Section 4.

2 Data and Methods

2.1 The Cold-Air Outbreaks in the Marine Boundary Layer Experiment
(COMBLE)

During the Arctic winter and spring of 2020, a U.S. Department of Energy (DOE)-
funded field campaign called the Cold-Air Outbreaks in the Marine Boundary Layer Ex-
periment (COMBLE; Geerts et al., 2022) deployed the DOE Atmospheric Radiation Mea-
surement (ARM) Mobile Facility (AMF) #1 (Miller et al., 2016) at a coastal site in An-
denes, Norway (70°N). This location collected data from 1 Dec 2019 — 31 May 2020, with
a main goal to quantify properties of convective clouds that develop during Arctic CAOs.
The campaign was largely successful: approximately 19% of campaign hours experienced
CAO conditions at Andenes, Norway including several strong events (Lackner et al., 2023).
While a wide range of CAO intensities were observed during COMBLE, here we focus
on two of the strongest events — 12-13 March and 28-29 March 2020 (hereafter referred
to as 13 March and 28 March) — as recent works suggest that strong CAOs may occur

more frequently under future climate scenarios (e.g., Dahlke et al., 2022).

Many measurements are available from AMF1 due to the large suite of instrumen-
tation deployed during COMBLE. For this study, we rely on the sensitive narrow-beam
35 GHz Ka-Band ARM Zenith Radar (KAZR), which retrieves reflectivity, Doppler ve-
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locity, and Doppler spectral width. The direct KAZR measurements are available in the
ARSCLKAZR1KOLLIAS data product on the ARM Data Archive (Clothiaux et al., 2001;
Johnson & Jensen, 2019). We also utilize value-added products, including a multi-sensor
product called ARSCLKAZRBND1KOLLIAS, which contains cloud boundaries at a tem-
poral resolution of 4 s and a vertical resolution of 30 m, based on KAZR, micropulse li-
dar, and ceilometer data (Johnson et al., 2019). The INTERPOLATEDSONDE prod-

uct linearly interpolates available radiosonde data on a fixed time-height grid with a 1-
min time resolution (Fairless et al., 2021). A liquid water path (LWP) product is pro-
vided by MWRRET1LILJCLOU based on microwave radiometer retrievals (Turner et

al., 2007; D. Zhang, 2019). Following Crewell and Lohnert (2003) and Lackner et al. (2023),
we remove LWP values below 30 g m~2 due to uncertainties related to the statistical re-
trieval method. All of these products are combined to better understand the open cel-
lular cloud environment under CAO conditions as well as evaluate the WRF simulation

performance.

2.2 Satellite Measurements

While the COMBLE observations provide a unique perspective into the CAO en-
vironment at the AMF1 site, a broader spatial perspective is desirable to better under-
stand the convective cell structures, which spanned 10s of km during the two strong March
cases. Therefore, we utilize polar-orbiting satellite retrievals from the Visible Infrared
Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-Orbiting Part-
nership (SNPP) and NOAA-20 spacecrafts. We use the Level-2 Cloud Properties files,
which provide cloud information at a nominal resolution of 375 m, and we consider VI-
IRS measurements only when sufficient solar radiation is present (between ~8-13 UTC
and ~7-14 UTC during the 13 and 28 March cases, respectively) to evaluate both directly
retrieved and derived cloud variables. Upon inspection of the relative uncertainty of VIIRS-
based cloud parameters of interest — namely, cloud top temperature and height, cloud
water path, cloud optical thickness, and cloud effective radius — we choose to examine
only cloud top temperature (CTT) because of its small relative uncertainty (typically
less than 2% and weakly correlated with absolute CTT magnitudes; not shown). Under
the MPC and high solar zenith angle conditions near Andenes during our events, the other

variables show relative uncertainties ranging from approximately 10-50% and strong cor-
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relation with respective parameter magnitudes, thus making direct evaluation with WRF

a challenge.

2.3 WRF Model

To simulate the 13 March and 28 March Arctic CAOs observed during COMBLE,
we use version 4.4 of the WRF model (Skamarock & Klemp, 2008; Skamarock et al., 2019),
which is the most widely-used, community supported NWP framework. In the context
of the two CAO cases examined here, we use the model to explore the mesoscale organ-
ization of convective cells near Andenes while highlighting the impacts of turbulence clo-

sure approaches on cloud properties.

2.3.1 General Configuration

We set up a nested domain WRF simulation with A =3 km and A =1 km for the
outer (d01) and inner (d02) domains, respectively (Fig. 1). The number of grid cells in
the x and y directions is 650 x 650 (1080 x 1080) for d01 (d02), thus spanning a 1,950
x 1950 km? (1080 x 1080 km?) region. We use a total of 136 vertical levels, with a ver-
tical grid cell spacing of approximately 45 m from the surface to ~4.5 km AGL, and stretch-
ing above, to properly resolve the BL structure as the layer deepens from north to south.
For each case, the simulations integrate for a total of 36 hours: the 13 March 2020 sim-
ulation begins at 12 UTC on 12 March and ends at 00 UTC on 14 March, while the 28
March 2020 simulation begins at 00 UTC on 28 March and ends at 12 UTC on 29 March.
The first 12 hours are considered spin-up for the cloud field and thus not used in our study
with the exception of the airmass history analysis for the 13 March case, which begins
at 20 UTC on 12 March (see Section 3.6). We use the fifth generation ECMWF atmo-
spheric reanalysis (ERAB; Hersbach et al., 2020) to provide the initial conditions and force
the lateral boundary conditions every 3 hours. Sea ice concentration and sea surface tem-

perature are also provided by ERA5 and updated every 3 hours.

2.3.2 Turbulence Closure Methods

We utilize two 1D PBL parameterizations in this study: Mellor-Yamada-Nakanishi-
Niino (MYNN; Nakanishi & Niino, 2009) and Yonsei University (YSU; Hong et al., 2006).

We now summarize and contrast these two turbulence closure methods, a necessary step
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to better interpret the findings presented in Section 3. In WRF, the MYNN scheme has
three turbulence closure options: Level 2.5 and Level 3 eddy-diffusivity (ED) and Level
2.5 eddy-diffusivity /mass-flux (EDMF). The Level 2.5 ED approach is considered local,
while the Level 3 ED and Level 2.5 EDMF approaches are considered non-local. Here-

after, we refer to the ED schemes as “Level 2.5”7 and “Level 3”7, and the EDMF scheme

as “Level 2.5 EDMF” (Table 1).

The traditional Mellor-Yamada ED model is flexible such that turbulent fluxes and
stresses may be represented using various levels of complexity (see, e.g., Mellor & Ya-
mada, 1982); however, the Level 2.5 model is most often adopted due to its trade-off be-
tween reasonable accuracy and computational efficiency. In the Level 2.5 approach, tur-
bulence kinetic energy (TKE) is computed prognostically, while potential temperature
variance and the vertical turbulent stresses and scalar fluxes (in this example, potential
temperature) are parameterized diagnostically. More specifically, a downgradient diffu-

sion method is used to compute the zonal and meridional turbulent stresses and scalar

fluxes
oU;
% = _Kv m 1
e L (1)
00
0) = —Kypn— 2
(w0) = ~ Ko’y e)
where i = 1,2, U; and © are the mean momentum and potential temperature, K, ,,

is the vertical eddy viscosity, and K, j, is the vertical eddy diffusivity (used for heat, mois-
ture, and other scalars). In local 1D PBL parameterizations that solve an equation for

TKE, K, and K,  usually take the general form

Kv,m = qum (3)
Kv,h = quh (4)
where [ is a turbulent length scale, ¢ = v2 x TKFE, and S, and Sj, represent stabil-

ity functions for momentum and thermodynamics that depend upon buoyancy, vertical

shear, and a set of closure constants.

The Level 3 model builds on the Level 2.5 model by computing the potential tem-

perature variance prognostically. In this case, Eq. 2 now becomes
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(wh) = —K, 1, (‘Z(j + F9> (5)

where I'y is the so-called countergradient term, which enables the Level 3 model to rep-
resent countergradient diffusion through modification of Sj, (Nakanishi & Niino, 2009).
More practically, this means that the Level 3 model should be able to parameterize the
effect of large-scale eddies — which have horizontal length scales approximately equal to
the BL depth under convective conditions — on vertical mixing of potential temperature,

moisture, and condensate loads.

The main goal of the EDMF scheme is similar to that of the Level 3 model. How-
ever, the EDMF approach represents the countergradient diffusion differently, whereby
it is assumed that a spectrum of buoyant plumes are responsible for the non-local (or
countergradient) diffusion (Siebesma et al., 2007). This multiplume approach leads to

the parameterization of turbulent scalar fluxes as

n

(wh) = —Kv,h%i) + Z M; (0., — ©) (6)

where ¢ = 1,n represents an array of plume sizes (in MYNN, n = 10, such that a to-
tal of 10 plume sizes ranging from 100 to 1000 m are represented), © and ©,,, represent
the environmental and updraft potential temperature, and M; is the convective mass flux

represented as

M; = ay, (w, — w) (7)

where a,, is the grid cell fraction occupied by coherent convective updrafts (hence the
non-local nature of this scheme), and w and w,, represent the environmental and updraft
velocities, respectively. Within the MYNN EDMF scheme implemented in WRF, it is
assumed that w = 0. More details regarding the MYNN-EDMF implementation are

provided by Olson et al. (2019).

We note that the MYNN Level 2.5 closure has been tuned to be run with the MF
component, not alone. The ED has been greatly reduced in recent versions of WRF (since
WRF v4.0) compared to the original implementation, when it was meant to be run in
isolation. Thus, by itself, the ED is meant to handle only the stable boundary layer. As

a result, our experimental design allows us to show the essential contribution of the non-
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local mixing by the MF scheme and the consequences of running without it when com-

paring the Level 2.5 and Level 2.5 EDMF results.

The YSU parameterization is a first-order, non-local closure scheme that is not TKE-

based and thus computes K, ,, differently than MYNN, viz.

2\ P
Ky m = kwsz (1 — ) (8)

Zi

where p is the profile shape exponent (=2), k is von Karman’s constant (=0.4), w, is the
mixed-layer velocity scale, and z is the height above the surface. The BL height is de-
fined as the level where the buoyancy flux, which is a function of virtual potential tem-
perature (f,) and the bulk Richardson number, is a minimum. The K, j term is then
computed from K, ,, through a Prandtl number relationship following Noh et al. (2003)
(see Eq. A4 in Hong et al., 2006).

The turbulent fluxes are computed in a similar manner as in the Level 3 MYNN
scheme; however, there is also consideration of the flux at the inversion layer through
extension of the concept originally outlined in Hong and Pan (1996). This extension leads
to an explicit treatment of entrainment following Noh et al. (2003). The general formula

of the stress and scalar fluxes is

(wi) = e (52 = 0) — o ()’ )

where ¢ is a prognostic variable, ® is a mean state variable, K, . is either K, ,, or K,
depending upon the variable of interest, v, is a correction to the local gradient (akin to

Iy for the Level 3 MYNN scheme), and (w¢)y, is the flux at the inversion layer.

It is clear that the various turbulence closure approaches compute the vertical stresses
and fluxes (and therefore their divergences, which control the tendencies of the state vari-
ables) in fundamentally different ways. As momentum, heat, moisture, and condensate
loads will be mixed in the vertical differently between the schemes, we expect that this
will greatly impact CAO convective cell properties (e.g., liquid/ice partitioning) as well
as mesoscale organization (e.g., cell size). We conduct four different simulations, each
with a different turbulence closure option following our discussion in this section. The

various configurations are outlined in Table 1.
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Table 1: Various turbulence closure configurations considered for this study.

Reference | Closure Approach

Name

Level 2.5 | MYNN Level 2.5 ED (prognostic TKE, local)

Level 3 MYNN Level 3 ED (prognostic TKE and 62,

non-local)

Level 2.5 | MYNN Level 2.5 ED (prognostic TKE, local)

EDMF plus EDMF (non-local)

YSU YSU (explicit entrainment mixing, non-local)

2.3.3 Other Model Options

Our choice of additional model physics for the WRF simulations is as follows. Hor-
izontal diffusion is computed using the 2D Smagorinsky approach (coefficient set to 0.25;
Smagorinsky, 1963). We activate the revised MM5 surface layer physics parameteriza-
tion (Jiménez et al., 2012) and use the Noah-MP land surface model (Niu et al., 2011;
Yang et al., 2011). Radiation transfer processes are treated using the Rapid Radiative
Transfer Model for GCMs (RRTMG) shortwave and longwave schemes (Iacono et al.,
2008).

An important physics choice for the case study here is the microphysics parame-
terization; we choose to use the Thompson-Eidhammer Aerosol-Aware microphysics scheme
(Thompson & Eidhammer, 2014). A major advantage of this scheme is a prognostic treat-
ment of so-called water- and ice-friendly aerosols. Recent developments to the WRF model

described by Juliano, Jiménez, et al. (2022) allow us to use time-varying aerosol infor-
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mation from the GEOS-5 model. In the Thompson-Eidhammer microphysics parame-
terization, the water- and ice-friendly aerosols may act as nucleation sites (i.e., cloud con-
densation nuclei and ice nucleating particles, respectively), therefore making the scheme
double-moment (prediction of mass mixing ratio and number concentration) for cloud
liquid water and rain water, in addition to cloud ice. The remaining water phase classes
(i.e., snow and graupel) are treated as single-moment (prediction of only mass mixing
ratio and assuming a particle size distribution). The microphysical tendencies of the mass
mixing ratio and number concentration variables are handled by the microphysics scheme.
The physical processes accounted for by the parameterization are described in Thompson

et al. (2004, 2008); Thompson and Eidhammer (2014).

2.4 Comparing Observations and Model

Critical to the success of this study is a meaningful evaluation of the WRF model
using both the AMF1 COMBLE measurements and the satellite retrievals. To ensure
a fair model evaluation, we apply the Cloud-resolving model Radar SIMulator (CR-SIM;
Oue et al., 2020) to the WRF outputs before comparison with the COMBLE observa-

tions. First, we produce 2D (time-height) model outputs at high temporal frequency (i.e.,

the native model time step of 3 s for d02) at the AMF1 location using virtual towers through

WREF’s tslist option. Then, we provide CR-SIM with the necessary information with re-
spect to the KAZR specifications and run the forward simulator on the 2D WRF out-
puts to produce time-height radar-equivalent moments. Cloud top height and temper-
ature from the model outputs are determined using a range-dependent dBZ threshold

as defined by CR-SIM.

For the comparison between WRF and the satellite retrievals, we collect all avail-
able NOAA-20 VIIRS and SNPP VIIRS scenes during our simulation periods. For the
13 March (28 March) case, we consider a total of 5 and 6 scenes (4 and 6) from NOAA-
20 and SNPP, respectively. Given our model output frequency of 30 min, there is a max-
imum of 15 min time offset between the simulations and observations. To estimate the
modeled CTT, we follow the approach of Huang et al. (2014) to identify cloud top us-
ing a 0.1 cloud optical thickness threshold. Under this approach, it is assumed that the
CTT retrieved by the VIIRS instrument is in response to the bulk emissivity of the hy-
drometeors at some optical depth into the cloud. We compute cloud optical thickness

by integrating downward beginning at the top of the model domain while using constant
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absorption coefficients of 0.145, 0.00033, 0.0735, and 0.00234 m? g~! for cloud liquid wa-

ter, rain water, cloud ice, and snow, respectively, following Dudhia (1989).

3 Results

3.1 Large-Scale Meteorology

We begin our analysis by examining the synoptic scale patterns at 925 hPa and 500 hPa

for the 13 March and 28 March CAO cases at 12 UTC (Fig. S1). These times are selected
to approximately represent the middle of the intense CAO conditions. A key feature defin-
ing a CAO is evident in both cases, evidenced by a broad region of cold air advection

that spans from over the pack ice to over the much warmer open ocean. The MCAO in-
dex, which is defined as 0,y — 0s50npPa, is hatched where values are >8 to indicate in-
tense convective conditions driven by the strong air-sea thermal contrast. For both events,
values >8 are found over much of the open ocean, including at and just upstream of the
AMF1 site, suggesting that it is a meaningful region to explore convective cell proper-
ties. In the 13 March case, the strong equatorward winds at 925 hPa are directed more
northerly than in the 28 March case due to the orientation of the geopotential height con-
tours. Meanwhile, at 500 hPa, the winds are relatively weak and the air is very cold (fol-
lowing a closed low or trough) over the CAO region in both cases, with stronger winds
toward the west associated with an advancing warm front. The very cold air at 500 hPa
is consistent with a lack of capping of surface-driven convection in both cases (not shown).

In general, the background large-scale forcing is similar in both cases.

3.2 Mesoscale cell organization

In the northern portion of our WRF domains, where convective roll structures are
observed by satellite imagery, our simulations cannot properly resolve the features (and,
in fact, instead produce spurious structures; e.g., Ching et al., 2014; Zhou et al., 2014)
because A is much too large relative to z; (~1000 m). In fact, findings from Lai et al.
(2020) suggest that A ~100 m is required to resolve convective roll structures in the Arc-
tic. Therefore, given that the numerical model’s A should be much less than z; in or-
der to properly resolve turbulent features (Rai et al., 2019), in this study, we focus on
the large convective cells downstream near Andenes that are well resolved by the inner

domain (d02).
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We begin by asking the question: how do the different PBL schemes capture this
open cellular convection? Fig. 2 shows a snapshot in time (12 UTC) from the 13 March
2020 case: vertical velocity field at 0.5z;, horizontal divergence at 100 m AGL, and 2-

m temperature. Together, these three fields reveal cell structure, size, and intensity. While
each of the four model configurations develops organized cellular structures, they each
resolve cells with different characteristics. Firstly, the structures appear to be least or-
ganized in the Level 3 simulation, evidenced by disconnected updrafts. In the Level 2.5
and YSU simulations, the structures are slightly more organized, with more coherent up-
drafts. The most organized cellular structures are seen in the Level 2.5 EDMF simula-
tion. Accordingly, the sizes of the cells follow a similar trend, with the Level 2.5 EDMF
configuration clearly resolving the largest structures. To support this statement, a quan-

titative analysis of the cell sizes will be presented later.

The near-surface horizontal divergence field aligns well with the resolved vertical
motions in the middle of the BL: updrafts (downdrafts) correlate with regions of con-
vergence (divergence). Examining the 2-m temperature field suggests that cold pools are
closely associated with mid-BL. downdrafts and low-level divergence. These cold pools,
which have received much attention in the literature, are likely generated due to falling
precipitation and related evaporation and/or sublimation (e.g., Seifert & Heus, 2013; Torri
et al., 2015; Saggiorato et al., 2020). We will further investigate the cell vertical struc-

ture in Section 3.5.

While Fig. 2 provides a visual depiction of the cellular structure during the strong
CAO of 13 March, it is merely qualitative. To determine the characteristic cell sizes quan-
titatively, we follow work by Haerter et al. (2017) and Eirund et al. (2019) and apply a
two-point correlation method to the horizontal divergence field. The characteristic cell
size of a particular scene is then determined from the minimum correlation. We consider
the southernmost ~75% of the domain shown in Fig. 2 to compute the correlation func-
tion at 30 min intervals (i.e., the output frequency of our WRF simulation) on a square
domain for the duration of the two CAO events after model spin-up. More details of the

approach, including its inherent limitations, are contained in Text S1.

In Fig. 3a, we show an example of the normalized correlation coefficient for the same
time as in Fig. 2. At any given time when the 2D divergence field is analyzed, the cor-

relation function yields a clear first local minimum, which is indicative of the cell cen-
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ter and thus a quantitative measure of the organized cell size (Haerter et al., 2017). As
visually shown in Fig. 2, for this particular time, the Level 3 model produces the small-
est cells, followed by the Level 2.5 and YSU models, and finally the Level 2.5 EDMF scheme

simulating the largest cells.

The cell sizes computed for the entirety of the 13 March and 28 March events are
plotted in Figs. 3b-c. In both cases, the mean cell sizes are lowest for the Level 2.5 and
Level 3 configurations, which both show values of ~12-14 km. For both of these PBL
schemes, the values are often small (~10 km). In the case of the Level 3 scheme, we sus-
pect this may be due to ill-defined cell structures, which likely are not suitable for the
correlation method. For the Level 2.5 scheme, the reason may be more complicated (see
Text S1). Meanwhile, the YSU and Level 2.5 EDMF schemes yield substantially larger
cells of ~23-25 km and ~33-38 km in size, respectively. The values shown by YSU, and
to a lesser extent Level 2.5 EDMF, appear more reasonable than those shown by Level
2.5 and Level 3, as a recent study by Wu and Ovchinnikov (2022) used MODIS imagery
to estimate mean cloud major axis lengths of ~20-25 km for this region during both CAO
events (see their Fig 6). Nonetheless, the Level 2.5 EDMF scheme sometimes produces

very large cell sizes (>50 km), which are likely unreasonable.

The cell sizes simulated by the YSU and Level 2.5 EDMF scheme can be contrasted
with the model’s effective resolution of ~6-7A (Skamarock, 2004), or 6-7 km for d02. Given
that this is much less than the observed cell sizes, we can confidently state that our WRF
simulation can resolve the convective structures near Andenes. Nonetheless, the PBL schemes
considered here are 1D and thus are not able to properly account for horizontal gradi-
ents, which likely are non-negligible when simulating the narrow updrafts prevalent in

this environment.

3.3 Top-down perspective from satellite

We now begin to connect the mesoscale organization to cloud properties by com-
paring the satellite retrievals of CTT to those estimated from the WRF output. In Fig. S2,
we show a snapshot of the CTT field from the 13 March case retrieved by the NOAA-

20 VIIRS satellite as well as simulated from the four WRF configurations. Similar to our
findings with respect to cell size, the cloud features — represented by organized structures

in the CTT field — are largest in the Level 2.5 EDMF scheme. The cells from the Level
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2.5 and YSU simulations are notably smaller, and the Level 3 model even still smaller.
Furthermore, the relatively abundant cold CTT regions observed by VIIRS appear to
be best represented by the Level 2.5 EDMF scheme.

Upon compiling numerous VIIRS retrievals from the 13 and 28 March CAO cases,
we more robustly compare the WRF simulations to the satellite CTT measurements (Fig. 4).
For the 13 March (28 March) case, the VIIRS retrievals show median CTT values of ap-
proximately -40°C (-36°C), respectively. The satellite distributions have a dominant mode
around these median values for both cases. While the 13 March case shows only this sin-
gle mode, the 28 March case displayed a secondary broad mode near -28°C to -20°C. The
warmer CTT mode may be related to cloud edges that are characterized by relatively
shallow tops. All four WRF simulations capture the relatively colder CTTs in the 13 March
case compared to the 28 March case. According to the satellite measurements during the
two events, the Level 2.5 EDMF scheme performs quite well over the region depicted in
Fig. S2 because it shows relatively narrow distributions, and its median values compare
closely to the observations. In contrast, the other three WRF configurations show much

broader distributions that are not evident in the satellite retrievals.

3.4 Bottom-up perspective from AMF1

The large number of ground-based instruments deployed during the COMBLE field
project at AMF1 afford us the opportunity to examine a number of key cloud proper-
ties during the two CAQO events. To provide a visual representation of the convective cell
structure as seen by the profiling AMF1 instruments during the 13 March case, we plot
observed reflectivity from the KAZR in addition to forward-simulated reflectivity pro-
duced by CR-SIM from the WRF virtual tower outputs (Fig. 5). During this 6 h period,
the measurements show a variety of cloud structures, including both isolated and merged
or multi-cells (Fig. 5e). In the first hour, a multi-celluar cloud structure is observed, fol-
lowed by clear sky and several single cells that are either clearly distinct or loosely con-
nected. In general, the cloud tops within the ~10-25 dBZ cores are quite deep, ranging
from ~3.5-5 km. Through CR-SIM’s forward simulation from the four WRF configura-
tions (Figs. ba-d), it is apparent that the model can simulate cellular-like features char-
acterized by varying widths, depths, and intensities. Resolving the microscale structures
observed by the KAZR is not possible for our WRF mesoscale configuration given the

model’s effective resolution (~6A=6 km or ~10 min temporal resolution assuming mean

—16—



453

454

456

457

459

460

462

463

464

465

466

467

468

469

470

472

473

475

476

477

478

479

480

481

482

484

485

background wind of 10 m s~!). The Level 2.5 EDMF scheme clearly produces the widest
and deepest cells. By the end of this 6 h period, all of the simulations produce too much
condensate near cloud top, which is manifested as moderately low reflectivity values (~-

25 to -10 dBZ).

Time series traces of the column maximum reflectivity along the time-height plot
shown in Fig. 5, as well as traces of observed and simulated CTT, cloud top height (CTH),
and liquid water path (LWP), can be seen in Fig. 6. We also show a 6 h period from the
28 March case for comparison. Overall, WRF captures the range and periodicity of col-
umn maximum reflectivity quite well for this 6 h time period in both cases, with some
overprediction for the 28 March event. The CTT traces from WRF show good agree-
ment with some overestimation (i.e., warmer CTTs) for both cases, which is also evident
in the CTH plots as an underestimation. Given the very cold CTTs observed and mod-
eled during both events, one may expect homogeneous freezing to occur. We note that
the Thompson Aerosol-Aware microphysics scheme allows for homogeneous freezing of
deliquesced aerosols and liquid water drops at temperatures colder than -35 °C (Koop
et al., 2000) and -38 °C (Bigg, 1953), respectively. Lastly, both the observations and sim-
ulations of LWP highlight the substantial liquid production in the cloud cores, with val-
ues approaching 1000 g m~2 in the mature cells. Interestingly, the robust cell passing
the AMF1 near 14:20 UTC on 13 March (cf. Fig. 5e) does not contain much liquid, likely
because it is glaciated and in a decaying stage (e.g., Geerts et al., 2022). Compared to
the microwave radiometer’s LWP measurements, the WRF simulations show a reason-
able range of LWP values, albeit underestimating the most intense LWP values in the
13 March case and missing a high LWP period from ~4-5 UTC in the 29 March case.

In general, we do not expect the model to reproduce the exact timing of individual cells

considering their transient nature when passing over the AMF1 site.

In Fig. 7, we more quantitatively evaluate the individual WRF configurations for
these four parameters by considering AMF1 observations during the two CAO cases when
convective cells were observed. The distributions and boxen plots confirm that the model
generally performs well for the column maximum reflectivity during the 13 March case
(Fig. 7a); however, all simulations overestimate maximum reflectivity for the 28 March
case (Fig. 7e). YSU matches the observations of maximum reflectivity most closely for
both cases. This overestimation is likely further amplified since we do not filter the KAZR

reflectivity (in Z units) to the model resolution. Overall, WRF simulates CTT (Fig. 7b,f)
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and CTH (Fig. 7c,g) reasonably well, with the Level 2.5 EDMF scheme being the out-
lier (i.e., producing relatively deeper clouds and thus colder CTTs). It is worth noting
that the EDMF approach does not as clearly produce the best results when compared

to the AMF1 observations, which is in contrast to our findings using the satellite mea-
surements of CTT (cf. Fig. 4). We can attribute this apparent inconsistency to three po-
tential factors: (i) we consider a spatial domain with the satellite versus a single point

at AMF1; (i) differences in the CTT retrieval method from the KAZR and satellite; (i)
the satellite’s nominal resolution of 375 m is insufficient to capture the cloud edge fea-
tures, which is likely where the lowest CTHs and thus warmest CTTs occur. While this
discrepancy certainly deserves further attention, additional investigation is out of the scope
of the present work. Finally, we find that the model consistently underestimates LWP
for the 13 March case (Fig. 7d) and reasonably well simulates LWP in the 28 March case

(Fig. 7h) despite the overestimation in maximum reflectivity.

3.5 Clarifying the role of modeled mass-flux

Thus far, we have presented results comparing the four selected PBL parameter-
izations. To a first order, the high-resolution mesoscale simulations are able to capture
the general cloud characteristics and mesoscale organization. Perhaps the most striking
result is that the Level 2.5 EDMF scheme clearly produces the widest and deepest cells,
and thus those with the coldest CTTs. In this section, we seek to better understand the
role of the non-local MF component of the scheme, whose purpose is to represent the ver-

tically coherent convective structures that are ubiquitous under intense CAO conditions.

To begin, we compare various components of the ED parameterization from the
Level 2.5 and Level 2.5 EDMF simulations (Fig. 8). These cross-sections are taken at
the same time as Fig. 2 along the dashed green lines. We select cross-sections such that
they cut through well-defined cells in each simulation, based on the various parameters
plotted in Fig. 2. Hence, the cross-section locations are different for the two simulations.
For both the Level 2.5 and Level 2.5 EDMF models, the largest values of parameterized
TKE are confined to the lowest ~1000 m, with regions of enhanced TKE seen in fingers
extending to ~2500 m (Fig. 8a,d), not in the echo tops which extend twice as high. The
model-diagnosed BL height (white lines) closely follows the vertical extent of the TKE
field, suggesting that the ED component of the mixing is parameterized following the

BL height. Vertical momentum fluxes are largest at the cold pool edges due to the con-
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vergence patterns (cf. Fig. 2) and strong vertical gradients in the u- and v-wind com-

ponents (Fig. 8b,e).

In the surface layer (lowest few 100s of m), the relatively warm SSTs generate pos-
itive buoyancy fluxes (Fig. 8c,f). Plumes of strong negative buoyancy fluxes arise in the
updrafts above the surface layer. The vertical buoyancy flux convergence implies intense
turbulent heating near the base of the updrafts. Cold pools tend to suppress the layer
of positive buoyancy fluxes because of the stratification, notwithstanding surface buoy-
ancy flux enhancement. While not explicitly parameterized in MYNN, horizontal gra-
dients arising from the presence of cold pools and narrow updrafts are likely non-negligible
at the present A, highlighting the potential benefit of using a 3D PBL parameterization

(Juliano, Kosovié, et al., 2022).

In both configurations, there is a clear linkage between the dynamics, turbulence,
and microphysics. Updraft regions develop at cold pool edges (Fig. 8b,e) due to the afore-
mentioned convergence patterns, and, within these updrafts, we find the presence of cloud
liquid water that oftentimes coexists with ice crystals or snow (Fig. 8a,d). Shafts of falling
snow, associated primarily with downdraft regions, extend to the surface in accordance
with the cold pools. The Level 2.5 EDMF model produces more robust vertical motions
than the Level 2.5 model (Fig. 8c,f), which may explain the generally higher frequency

of frozen condensate, especially near cloud top.

We more explicitly probe the role of the MF component of the EDMF scheme by
plotting in the same cross-section its fractional area (Agpar), vertical velocity (Wepar),
and total parameterized convective scalar flux (only positive values of M;; c.f. Eq. 7) (Fig. 9).
These parameters are critical to the MF scheme (cf. Egs. 6 and 7). As expected, the MF
parameterization is most active in regions of relatively weak resolved vertical motions,
especially with respect to the updrafts. Agparr is largest near the surface and decreases
with height (Fig. 9a). We note that the EDMF scheme imposes a hard cutoff of 0.1 for
the area, and this threshold appears to be reached in many locations near the surface.
Meanwhile, Wgpasr generally increases with height, and maximum values commonly
exceed 2 m s, signifying the intense convective motions that remain parameterized at
A=1 km (Fig. 9b). Multiplying Agprr and Wgpayr leads to the total parameterized
convective scalar MF for all subgrid-scale plume sizes (Fig. 9¢). As a result, this field

follows closely with the previous two fields, and it illustrates the regions of the cloud sys-
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tem impacted most by the MF part of the EDMF scheme. It is evident that the MF scheme
is active in columns extending from the surface to near the cloud top (~3500 m), sug-
gesting that the cells in intense CAO conditions are tightly linked to the surface through
BL-spanning eddies. Thus, the role of the non-local aspect of the Level 2.5 EDMF scheme
is non-negligible in this environment. However, given that our findings suggest that the
EDMEF approach produces cloud structures that are too deep at Andenes, perhaps be-
cause the WRF implementation of MYNN EDMF has not been tuned for CAO condi-

tions, it is likely that the MF scheme is overactive for these two CAO cases and at A=1 km.

3.6 Airmass history

Our analysis has focused on the cellular cloud characteristics at Andenes, which
is located ~1,000 km downstream of the pack ice edge. To more clearly understand the
airmass history during the 13 March case from a Lagrangian perspective, we conduct a
backward trajectory analysis. A trajectory is launched from Andenes beginning at 12
UTC on 13 March at an altitude of 1 km (Fig. 10a). The backward trajectory shows a
nearly identical path for 0.5, 1, and 2 km starting altitudes (not shown). In Fig. 10b-
d, we show the instantaneous mean surface precipitation rates for rain, snow, and grau-
pel, respectively, since precipitation has been shown to initiate the breakup of overcast
conditions in MPCs (e.g., Abel et al., 2017; Tornow et al., 2021). Evident is the marked
increase in rain and especially graupel precipitation rates beginning approximately 8 h
before the airmass arrives at Andenes. The Level 2.5 EDMF scheme produces the largest
precipitation rates for these two categories. Nonetheless, for the entire 16 h period, the
snowfall rates dominate the total precipitation rate, and their magnitudes are rather con-
stant, increasing slightly from -16 h to 0 h. The Level 3 scheme simulates the highest

snowfall rate and thus total precipitation rate out of all four WRF configurations.

Commensurate with the notable increase in rainfall and graupel precipitaiton rates
as the airmass approaches Andenes is the increase in the fraction of model grid cells where
rainfall and graupel precipitation occurs (Fig. 10e-g). Meanwhile, during this time, the
fraction of grid cells with snowfall decreases drastically, suggesting cloud breakup, and
the transition to open cellular clouds. This breakup appears to occur soonest (latest)
in the Level 2.5 (Level 2.5 EDMF) scheme, with the most rapid decrease in the snow-
fall area occurring once both rainfall and graupel precipitation rates and fractional cov-

erage ramp up. Given that snowfall precipitation rates increase slightly over time, this
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points toward snowfall becoming more concentrated during this transition. Our results
suggest a linkage between cloud breakup and precipitation processes (namely, rainfall

and graupel), corroborating previous studies.

Mean vertical profiles of the five hydrometeor categories represented in the Thompson-
Eidhammer microphysics scheme are plotted at -12 h, -6 h, and 0 h in Fig. 11. These
three times represent conditions before, during, and after the cloud transition, respec-
tively. Prior to the transition (Fig. 11, top row), all four schemes show relatively little
cloud liquid, no rain, and no graupel. The Level 2.5 EDMF scheme shows the deepest
cloud layer (top near ~3 km), while the other three schemes show a similarly deep cloud
(top near ~2 km). Cloud ice is generated in a layer above the cloud liquid and near cloud
top, with the cloud ice mixing ratio several times larger in the Level 2.5 EDMF scheme
compared to the other schemes. This behavior is due to an enhancement in ice number
concentration in the Level 2.5 EDMF model (Fig. S3). Snow dominates the cloud mass
throughout the entire layer while falling to the surface in all schemes, with the Level 3

scheme showing the largest mixing ratios.

During the cloud transition, the cloud layer has deepened by ~1 km in all simu-
lations (Fig. 11, middle row). Moreover, the production of cloud liquid increases in all
schemes, leading to the initiation of rain processes, and the peak altitude and mixing ra-
tio of cloud liquid is noticeably lowest in the Level 3 scheme. Cloud ice mixing ratios are
similar as in -12 h for Level 2.5 EDMF and slightly higher (lower) for Level 2.5 and YSU
(Level 3). At this time, the ice number concentration has increased in all simulations ex-
cept for the Level 3 scheme (Fig. S3). It is worth noting that cloud top in the Level 2.5
EDMEF scheme is deep enough for homogeneous freezing of both deliquesced aerosols and
liquid water drops. The Level 3 scheme still shows the largest snow mixing ratios below
~2 km altitude. By this time, graupel is generated in all schemes, with Level 2.5 EDMF

and Level 2.5 showing the largest mixing ratios.

Once the airmass reaches Andenes, the cloud layer has deepened once again by ~1-
1.5 km (Fig. 11, bottom row). The liquid cloud layer is maintained due to enhanced ver-
tical motions in the low-level convergence regions (cf. Fig. 8). Production of both rain
and graupel increase further, especially in the Level 2.5 EDMF scheme, which also shows
a clear decrease in cloud ice mixing ratio and number concentration as well as snow mix-

ing ratio.
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614 We also examine K, , and K, ,, from the PBL schemes during this airmass tran-

615 sition (Fig. 11, last two columns). These terms are important for dictating the strength

616 of the vertical mixing of heat and momentum, respectively (cf. Section 2.3.2). It is clear
617 from Fig. 11 that K, ;, and K, ,, values are at a maximum at -12 h and decrease over

618 time. The ratio of K, /K,.m (i-e., inverse turbulent Prandtl number, Pry) is also plot-

619 ted to highlight differences in vertical mixing of heat and moisture versus momentum

620 between the PBL schemes. All simulations show Pr; ' >1 near the surface as a result

621 of buoyancy increasing the turbulent transfer of heat relative to that of momentum (e.g.,

622 Li 2019). However, throughout the airmass transition, YSU models the largest Pr; ! val-

623 ues which remain above 1 until ~2 km ASL, while Pr; ! in the other three schemes de-
624 creases rapidly below unity. Most notable is the sharp decrease at low levels in Pr; Lin
625 the Level 3 scheme.

626 We believe this finding related to Pr; is important because it may control the mod-
627 eled convective structures (e.g., Ching et al., 2014) and, as a result, the cloud proper-

628 ties (e.g., Pithan et al., 2015). In this study, each of the PBL schemes to some extent

629 rely on Pry. Recall that the vertical turbulent mixing of momentum and heat/moisture
630 in the Level 2.5, Level 3, and YSU schemes strongly depends on K, ,, and K, ;. While

631 these terms are also important for the Level 2.5 EDMF scheme, its vertical mixing of heat

632 is also largely dependent upon the MF component, which is not affected by K, 5 (cf. Eq. 6).

633 Further investigation is required to determine whether the relatively small Pr; ! values

634 modeled by the Level 3 scheme are responsible for its lack of coherent convective cell struc-
635 tures (cf. Figs. 2 and 3). Given our rather poor understanding of the impact of Pr; on

636 weather and climate in general (Li, 2019), future studies should more deeply focus on

637 this topic.

638 4 Summary and conclusions

639 In this study, we examine the horizontal and vertical cellular cloud structures and
640 properties of two intense marine CAOs observed during the COMBLE field project in

641 March 2020. Both cases were characterized by widespread, robust CAO conditions due
642 to strong northerly flow through the Fram Strait and toward the main COMBLE site

643 at Andenes, Norway, where the AMF1 measurements were collected. The suite of instru-
64 ments at AMF1 enables us to deeply examine the vertical cloud morphologies as well as

645 the microphysical and macrophysical properties of these MPCs. VIIRS satellite retrievals
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646 of CTT are used to supplement the AMF1 measurements across a broader geographi-

647 cal area offshore Andenes. To better contextualize the observations, we conduct high-

648 resolution mesoscale simulations (A=1 km) using the WRF model. Given our relatively
649 poor understanding of the impact of parameterized turbulence approaches on simulated
650 CAO cloud properties, this study tests four different turbulence closure schemes within

651 two commonly-used PBL scheme frameworks: MYNN and YSU. Of particular impor-
652 tance for the model-observation evaluation at AMF1 is the application of the CR-SIM

653 forward-simulator on WRF outputs to directly compare the model to the KAZR mea-

654 surements.

655 Main findings stemming from our study are as follows:

656 « As modeled by WRF, convective cells near Andenes are defined by coherent pat-
657 terns of low-level convergence and mid-BL vertical motions that arise in response
658 to the development of cold pools.

650 « A two-point correlation method applied to the divergence field yields cell sizes rang-
660 ing from ~12-38 km depending on the turbulence closure approach, with the YSU
661 and Level 2.5 EDMF scheme producing the largest cells.

662 e VIIRS satellite retrievals of CTT suggest that all model configurations, except for
663 EDMF, overestimate CTT (i.e., cloud tops are too warm), with EDMF agreeing
664 quite well overall.

665 e Meanwhile, WRF simulations show generally better agreement with CTT mea-

666 sured at the AMF1 site, pointing to the utility of applying the CR-SIM forward-
667 simulator to model outputs. Compared to the AMF1 measurements, the EDMF
668 scheme simulates clouds that are too deep and too cold.

669 « At Andenes, WRF tends to overestimate maximum reflectivity — especially for the
670 28 March case — and underestimate cloud top height (except for EDMF, which over-
671 estimates cloud top height). The variability and peak values in LWP are predicted
672 well, with slight biases of opposite sign for the two cases and no clear dependence
673 on turbulence closure method.

674  Vertical cross-sections through the cellular structures reveal the secondary circu-
675 lations and mixed-phase nature of the CAO clouds, with liquid production in up-
676 drafts that form at cold pool edges and falling snow and graupel in downdraft re-
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gions. Shear and buoyancy production of turbulence depict notable patterns re-
lated to the cold pool structure.

» The MF component of the EDMF scheme is found to be quite active (values ex-
ceeding 0.1 m s™1) in broad columns stretching from the surface to ~3.5 km ASL,
suggesting that BL-spanning eddies are important for the lifecycle of convective
clouds under CAO conditions.

« Extraction of model outputs along backward trajectories launched at the AMF1
site reveal that all model configurations simulate an increase in rainfall and grau-
pel precipitation rates and fractional coverage that are linked with cloud breakup.

e The magnitude of Pr; relative to unity, which controls the relative strengths of
vertical heat and momentum transfer in the BL, may play an important role with
respect to mesoscale cloud organization. We find that the Level 3 scheme shows

the largest values of Pr;, possibly leading to less coherent cellular structures.

One key outcome of our study is the apparent overactive behavior of the MF com-
ponent of the MYNN scheme. It is worth emphasizing that the MF scheme in MYNN
has been tuned more for land-based convection, has only recently been tuned for ma-
rine shallow cumulus, and has never been tuned for CAOs. Given that here we exam-
ine intense CAOs with a deep, yet rather ill-defined, BL characterized by relatively strong
vertical motions by the time the airmass reaches Andenes, this likely represents a chal-
lenging scenario for the MF scheme. Moreover, our inner domain A falls within the tur-
bulence gray zone, where the largest eddies become partially resolved; thus, the param-
eterized turbulence should be tapered to some degree. Future studies should explore the
impact of making various aspects of the MF scheme more scale-aware to perhaps weaken
the updrafts, which are likely too strong in the two cases examined here. To help facil-
itate such a study, our research group has conduct a realistic multiscale simulation with
a domain spanning from the ice edge to Andenes and resolved at A=150 m using the
large-eddy simulation method. These model outputs may be used to more confidently
understand CAO cloud lifecycles including turbulence exchanges affecting BL growth,

precipitation processes, and cloud transitions.
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5 Open Research

COMBLE campaign data at the Andenes site used in this study are available through
the references listed in Section 2.1. VIIRS satellite imagery used in this study may be
downloaded from the NASA Earthdata archive (https://www.earthdata.nasa.gov/). The
WRF model code used in this study is public and may be found on the WRF GitHub

repository (https://github.com/wrf-model).
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