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ABSTRACT: One of the most intense air mass transformations on Earth happens when cold air 
flows from frozen surfaces to much warmer open water in cold-air outbreaks (CAOs), a process 
captured beautifully in satellite imagery. Despite the ubiquity of the CAO cloud regime over high-
latitude oceans, we have a rather poor understanding of its properties, its role in energy and 
water cycles, and its treatment in weather and climate models. The Cold-Air Outbreaks in the 
Marine Boundary Layer Experiment (COMBLE) was conducted to better understand this regime 
and its representation in models. COMBLE aimed to examine the relations between surface 
fluxes, boundary layer structure, aerosol, cloud, and precipitation properties, and mesoscale 
circulations in marine CAOs. Processes affecting these properties largely fall in a range of scales 
where boundary layer processes, convection, and precipitation are tightly coupled, which makes 
accurate representation of the CAO cloud regime in numerical weather prediction and global 
climate models most challenging. COMBLE deployed an Atmospheric Radiation Measurement 
Mobile Facility at a coastal site in northern Scandinavia (69°N), with additional instruments on 
Bear Island (75°N), from December 2019 to May 2020. CAO conditions were experienced 19% 
(21%) of the time at the main site (on Bear Island). A comprehensive suite of continuous in situ and 
remote sensing observations of atmospheric conditions, clouds, precipitation, and aerosol were 
collected. Because of the clouds’ well-defined origin, their shallow depth, and the broad range 
of observed temperature and aerosol concentrations, the COMBLE dataset provides a powerful 
modeling testbed for improving the representation of mixed-phase cloud processes in large-eddy 
simulations and large-scale models.
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O ne of the main uncertainties of climate models is the response of clouds to global 
warming (IPCC 2021). Consider, hypothetically, a field of mixed-phase clouds 
(containing both supercooled liquid water and ice particles) over an ocean: all else 

being equal, will the ice fraction be reduced in these clouds as the surface temperature 
rises? Will this reduce the rate and frequency of precipitation? Will this increase the albedo  
of this cloud regime, given that a cloud with numerous cloud droplets is brighter than an  
ice-dominated cloud, and given that the delay in precipitation may increase the cloud’s 
lifespan and the overall cloud fraction? Affirmative answers to these process questions imply 
a negative feedback, as the higher albedo would counter the warming (e.g., McCoy et al. 
2014). Reducing cloud-related uncertainties requires evaluation and improvement of not 
only climate models, but also the cloud-resolving, large-eddy simulations (LES) and other 
models that are used to develop and test parameterizations of physical processes in climate 
models (e.g., de Roode et al. 2019). Any advancement in climate models and their LES building 
blocks requires an understanding and accurate representation of the physical processes that 
ultimately depend on targeted and well-calibrated observations.

One particular synoptic regime where model improvement (and thus targeted observa-
tions) is needed is the cold-air outbreak (CAO) cloud regime. This regime consists of shallow 
convective clouds that form when cold continental or polar air masses are advected over open 
water. Satellite and radar imagery (Fig. 1) show how the mesoscale cloud and precipitation 
structure of this regime evolves as the boundary layer (BL) deepens with increasing fetch in 
response to surface heat fluxes, from a few hundred meters near the ice edge to ~4 km near 
the Scandinavian coast in this case. In general, a linear arrangement of convective clouds 
(“streets”), whose width and spacing increases with BL depth, transitions at some fetch from 
the upstream edge of the open water to an open-cellular structure with cells of increasing size 
and spacing (e.g., Brümmer 1999). The BL clouds and associated circulations are the result of 
surface heat and moisture fluxes, large-scale subsidence (which prevails in CAOs) countered 
by entrainment across the BL top, as well as aerosol particle properties and radiative fluxes. 
Whereas the cloud streets reflect a series of horizontal convective rolls (HCRs) driven by shear 
in a BL heated from below (e.g., Young et al. 2002), there is increasing evidence that cloud 
processes play an essential role in the transition to an open-cellular structure (e.g., Tornow 
et al. 2021). CAO clouds represent a significant challenge to numerical weather prediction 
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(NWP) and climate models because CAO clouds fall in a dynamic “gray zone” where unre-
solved BL processes and moist convection cannot be parameterized independently (Field  
et al. 2017; Frassoni et al. 2018).

CAOs contribute substantially to the total air–sea heat exchange in climate-critical  
regions such as the far northern Atlantic (Papritz and Spengler 2017), thereby playing a key 
role in the formation of dense waters feeding into the lower limb of the Atlantic meridional 
overturning circulation (Dickson et al. 1996). The overall role of CAOs in the climate system 
is, however, still poorly understood. A key question related to the observed amplified Arctic 
climate change (Pithan and Mauritsen 2014) regards the dynamic exchange between the 
Arctic and the midlatitude belt, including possible cloud feedbacks (Vavrus 2004; Pithan  
et al. 2018). Climate models poorly capture marine BL clouds in CAOs (e.g., Field et al. 2014; 
Abel et al. 2017) and in the postfrontal cold sector in general (e.g., Naud et al. 2019). Satellite 
retrievals of cloud properties, such as from MODIS, CloudSat, and CALIPSO, are challenged 
in the CAO cloud regime by the small-scale heterogeneity of cloud properties (e.g., Fletcher  
et al. 2016; Ahn et al. 2018; Marchant et al. 2020). Little is known about the concentrations 
and budgets of cloud-active aerosol particles, the cloud phase distribution, the size distribution 
of liquid and snow particles and associated precipitation development processes, the range 
of surface precipitation rates, and the mechanisms that control cloud-dynamical transitions 
(McCoy et al. 2017).

To build the observational database needed to improve our understanding of these CAO 
processes, the U.S. Department of Energy (DOE) deployed the first Atmospheric Radiation 
Measurement (ARM) Mobile Facility (AMF) (Mather and Voyles 2013; Miller et al. 2016) at a 
coastal site near Andenes in northern Scandinavia (69°N, 16°E), located 1,000–1,300 km from 

Fig. 1. MODIS visible image and radar reflectivity mosaic (with coverage over/near Scandinavia 
only) at 1040 UTC 28 Mar 2020. The radar mosaic is from the operational C-band radar network 
in Scandinavia.
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the Arctic ice edge (Fig. 2), from 1 December 2019 to 31 May 2020. As part of this field cam-
paign, referred to as Cold-Air Outbreaks in the Marine Boundary Layer Experiment (COMBLE), 
a number of in situ and remote atmospheric sensors were also deployed on Bjørnøya (or Bear 
Island, 75°N, 19°E) in the Norwegian Sea. COMBLE overlapped with the Ny-Ålesund Aerosol 
Cloud Experiment (NASCENT), conducted in 2019–20 at several atmospheric observatories 
in Ny-Ålesund on Svalbard (Pasquier et al. 2021, manuscript submitted to Bull. Amer. Meteor. 
Soc.), and the Multidisciplinary Observatory for the Study of Arctic Climate (MOSAiC) expedi-
tion aboard the icebreaker Polarstern drifting in the Arctic sea ice (Shupe et al. 2022) (Fig. 2).

Objectives
The COMBLE campaign sampled the marine CAO regime in a range of upstream wind, tem-
perature, and stability conditions. Three specific objectives are pursued with the COMBLE 
dataset. First, we seek process-level understanding, through the description of the mesoscale 
organization of airflow, clouds, and precipitation, combined with the vertical structure of 
temperature, humidity, vertical velocity, turbulent kinetic energy, and cloud and precipitation 
properties within and between convective elements.

Second, we examine how varying aerosol conditions in the upstream Arctic lower and 
middle troposphere (possibly transported over long distances and mixed down into the con-
vective BL), as well as marine aerosol sources, impact ice initiation, cloud liquid water, snow 
growth, and radiative fluxes.

And third, we aim to use the integrated COMBLE datasets of dynamical, thermodynamic, 
and microphysical characteristics of the marine BL, including cloud and aerosol properties, to 

Fig. 2. Map of average surface sensible heat fluxes (contoured; W m22), and ice edge location 
(white areas have .50% ice fraction) during CAO conditions at Andenes during COMBLE (1 Dec 
2019–31 May 2020) (source: ECMWF Reanalysis v5, or ERA5). The color field is M ≡ θSST 2 θ850hPa, 
a measure of thermal instability driven by surface heat fluxes. Also shown are the two COMBLE 
sites, the research site Ny-Ålesund on Svalbard, and the location of the Polarstern on 28 Mar 2020. 
The insert in the lower right is the Andenes wind rose (wind speed; m s21) during CAO conditions 
during COMBLE.
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evaluate and constrain high-resolution numerical simulations, and subsequently, to evaluate 
and improve representations of shallow convection in CAOs in NWP and climate models, and 
to examine the response of this cloud regime to warming climate. The well-defined upstream 
cloud boundary serves as an excellent testbed for aerosol–cloud–precipitation modeling 
studies, including secondary ice production.

These three objectives are not independent: the development of process-level understand-
ing of shallow convective clouds in CAOs requires both observations and the dynamically 
and microphysically consistent output from models.

The COMBLE field campaign
Field operations. The COMBLE campaign was highly successful, notwithstanding a number 
of challenges, including a rapid deployment less than 6 months after completion of another 
AMF1 deployment in the Southern Hemisphere, the darkness of the polar night, the inac-
cessibility of Bear Island (an uninhabited island some 500 km north of the Scandinavian 
mainland), the adverse weather conditions and instrument damage by polar bears on Bear 
Island, and the outbreak of a pandemic in the middle of the campaign. All instruments at the 
two sites (Fig. 3) were operational 1 month ahead of schedule (by 1 December 2019), increas-
ing the sampling period by 20% compared to the requested deployment period (with a start 
date of 1 January 2020). COMBLE started off during the polar night; the sun first rose over 
the horizon at the Andenes site on 12 January and at the Bear Island site on 4 February 2020.

Fig. 3. Instruments at the AMF1, located on Andøya, an island just off the northern Norwegian 
mainland. The AMF1 was deployed at Nordmela harbor, which juts out slightly from the natural 
coastline. The top (bottom) image is looking to the south-southeast (north-northeast). Acronyms 
are defined in the appendix.
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The success can be attributed at least in part to the ARM program’s early decision to 
work closely with local resources, in particular with the Norwegian Meteorological Service 
(Met Norway). Met Norway personnel coordinated the installation and operation of ARM 
equipment and associated communication system on Bear Island, where it operates a 
manned weather station including 12-hourly WMO radiosondes. In collaboration with Met 
Norway, the Norwegian Coast Guard delivered the equipment to the island, where it had 
to be transferred via dinghy from the ship to the beach. Met Norway personnel launched 
radiosondes every three hours during CAOs, following a principal investigator (PI)-led fore-
casting procedure. The pandemic resulted in the cancellation of several separately funded 
airborne campaigns, with flights planned over or near the Andenes site in March–April 
2020. The pandemic was disruptive to COMBLE operations as well, but measurements 
continued unabated through the scheduled end date of 31 May. This was accomplished 
notwithstanding Norway’s lockdown, and was only possible through intensive diplomatic 
efforts (which allowed DOE personnel to secure approvals for exceptional travel), and 
through engagement with the local community and businesses. For instance, facing a 
personnel shortage at Andenes, local fishermen volunteered to help clear the snow and 
to assist with weather balloon launches.

Table 1 lists the instruments deployed at both sites, as well as derived meteorological 
quantities. The instruments, the data processing, and the value-added products are described 
in the online supplemental material. Offshore radar coverage was excellent at Andenes: in 
addition to the ARM W- and Ka-band scanning radars, there was an operational volume-
scanning Met Norway C-band Doppler polarization radar (Trolltinde) close to the AMF1 site, 
on a ~300-m-high hill (Saltikoff et al. 2017). A profiling radar was deployed on Bear Island, 
but no scanning radar, so cloud morphology information around Bear Island can only be 
inferred from (infrequent) overpasses of the Aqua, Terra, and Visible Infrared Imaging Radi-
ometer Suite (VIIRS) satellites.

Survey of environmental conditions and cloud characteristics. A cumulative total of 34 
days of CAO conditions was observed at the AMF1 site during the 6-month COMBLE campaign. 
We define CAO conditions based on ambient wind and low-level static stability, as follows: 
M . 0, surface wind speed . 10 kt (1 kt ≈ 0.51 m s21), and, for a coastal site such as Andenes, 
surface wind direction onshore (in this case between 250° and 30°, shown as bold lines in 
Fig. 2). Here, M is defined as M ≡ θSST 2 θ850hPa, where θ is potential temperature and SST is 
the sea surface temperature just offshore Andoya. It is a commonly used index of thermal 
instability driven by heat fluxes from the underlying water surface (e.g., Papritz et al. 2015). 
Based on this definition, the average M value during all CAOs at Andenes during COMBLE 
was 4.1 K (Fig. 4), with higher values closer to the ice edge, in the Fram Strait (Fig. 2). This 
pattern is consistent with a 10-yr ERA5-based climatology (not shown). In other words, CAOs 
are synoptic events and the cloud structures sampled at Andenes are the result of surface, BL, 
and microphysical processes over a distance of O(1,000) km, or 1–2 days under typical winds. 
Such dependence on upstream conditions becomes even more evident in a Lagrangian CAO 
climatology (Papritz and Spengler 2017).

A wide range of CAO intensities was observed at Andenes, with 10th (90th) percentile M 
values of 1.3 K (7.1 K), resulting in very different cloud depths and structures. Cloud depths 
were generally below 2 km; a small fraction of the cloud depths exceeded 4 km (Fig. 4f). 
Cloud depth is defined as the local KAZR echo-top height minus the ceilometer base height. 
Because of the relatively high sea surface temperature (SST) off Andenes, the cloud base was 
usually rather high during onshore flow (0.4–1.0 km). The CAO clouds often contained much 
liquid, usually associated with early convective development. Approximately 12% of the cloud 
profiles had liquid water path (LWP) values exceeding 500 g m22 (Fig. 4c).
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At Bear Island, CAO conditions were more common (38 days in total during COMBLE) and 
more intense (average M value of 4.5 K)(Fig. 4a) than along the northern Scandinavian coast, 
consistent with the climatology. However, BL convection was suppressed between ~1 and 20 

Table 1. Instruments, primary measurements, derived quantities.

Instrument Primary measurement Derived quantities

Andenes

Ka-SACR and W-SACR (matched 
footprint co-scanning radars)

35- and 95-GHz reflectivity (Ze),  
Doppler velocity and spectra

Dual wavelength ratio and cloud and 
precipitation properties

KAZR (profiling) 35-GHz reflectivity, Doppler velocity, 
and spectra

Hydrometeor fall speed and air vertical 
velocity

AERI (Atmospheric Emitted  
Radiance Interferometer)

Downwelling radiance from atmosphere Temperature and humidity profiles

MWR 2C and 3C (microwave 
radiometer)

Brightness temperature at 23.8 and 31.4 
GHz

Column integrated liquid water and  
water vapor

MPL (micropulse lidar) Backscatter power and polarization Cloud base height, cloud optical depth, 
dust layers

CEIL (ceilometer) Backscatter power Cloud base height, PBL height

TSI (total sky imager) Direct and indirect solar radiation Cloud fraction

LDIS (laser disdrometer) Fall speed and size of hydrometeor 
particles

Precipitation rate and size distribution, 
derived Ze

MET (meteorology) WXT530 weather station Sea level pressure, surface  
temperature, humidity, and wind,  

precipitation rate

RWP (wind profiler) 1,290-MHz reflectivity and Doppler 
velocity

Wind profiles

ECOR (eddy correlation) High-frequency humidity, temperature, 
and 3D momentum

Surface latent heat, sensible heat, and 
momentum fluxes

AOS (Aerosol Observing System) See supplement Aerosol sizing and chemistry, gas  
chemistry

MFRSR (Multi-Filter Rotating 
Shadowband Radiometer)

Diffuse and direct irradiance between 
360 and 1,070 nm

Diffuse and direct radiation in the  
visible and near-infrared

Skyrad (radiometer) Downwelling broadband shortwave and 
longwave irradiance

Cloud fraction

Radiosondes (6-hourly) Temperature, pressure, humidity, wind 
profiles

Stability, integrated water vapor, etc.

Bear Island

MRR (Univ. Cologne) Rain rate, 24-GHz reflectivity, Doppler 
velocity

Snowfall rate

MWR (microwave radiometer) Brightness temperature at 23.8 and  
31.4 GHz

Column integrated liquid water and water 
vapor

MPL 1 CEIL Backscatter power and polarization Cloud base height, cloud optical depth, 
PBL height, dust layers

TSI (total sky imager) Direct and indirect solar radiation Cloud fraction

LDIS (laser disdrometer) Fall speed and size of hydrometeor 
particles

Precipitation rate and size distribution, 
derived Ze

MET (meteorology) WXT530 weather station Surface meteorology, precipitation rate

DL (Doppler lidar) Backscatter power, doppler velocity BL wind profiles

ECOR High-frequency humidity, temperature, 
and 3D momentum

Surface fluxes

CEIL (ceilometer) Backscatter power Cloud base height, PBL height,  
clear-sky optical depth

Radiosondes (3-hourly during 
CAOs)

Temperature, pressure, humidity,  
wind profiles

Stability, integrated water vapor, etc.
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March 2020 when the marginal ice zone extended south from eastern Svalbard toward Bear 
Island, resulting in very low surface temperatures during CAOs on the island (see supple-
ment). Cloud vertical structure information at Bear Island was limited: the only profiling 
radar during COMBLE, the University of Cologne MicroRain Radar (MRR), was range-limited 
to 1.0 km above ground level. Profiling radar data and satellite imagery (as in Fig. 1) indicate 
that Bear Island CAO clouds generally were shallow (,1.0 km) and aligned in cloud streets, 
whereas the CAO clouds near Andenes were deeper and usually assumed an open cellular 
arrangement. A summary of all CAO episodes and their characteristics at both locations is 
given in the “Objectively defined cold-air outbreaks during COMBLE” section in the online 
supplemental material.

Radar echoes were often rather strong during CAOs at Andenes, with a mean low-level 
reflectivity of ~12 dBZ, extending to ground level (Fig. 5a). (At the time of writing, the KAZR 
reflectivity calibration was not final, and published values are believed to be 4–5 dBZ too 
low, as detailed in the supplement.) The mean hydrometeor vertical velocity, which is a 
proxy for reflectivity-weighted mean fall speed, was rather small in magnitude (~21.0 m s21,  
Fig. 5b). This high reflectivity and low fall speed near the surface indicate that precipitation 
fell as snow, with little riming on average. Heavily rimed particles (graupel) were observed 
on occasion, as inferred from disdrometer data. Some 12% of the profiles experienced hydro-
meteor lofting (Fig. 5b), and these typically were associated with a higher Doppler spectral 
width (Fig. 5c), indicating turbulence and/or fall speed diversity.

Fig. 4. Histograms of (a) M values, (b) surface temperature, (c) cloud LWP, (d) precipitation rate, (e) cloud-top tempera-
tures, and (f) cloud depth, during all CAOs at Andenes (blue) and at Bear Island (BI, red) during COMBLE. Also shown are 
the 10th, 30th, 50th (median), 70th, and 90th percentiles (box with whiskers), plus the mean (blue/red diamond). Cloud-
top temperature and cloud depth data are not available for Bear Island.
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Fig. 5. Frequency by altitude display of KAZR (a) reflectivity, (b) Doppler velocity, and (c) spectral 
width at Andenes, during all CAO periods. From left to right, the red lines are the 10th percentile, 
the mean, and the 90th percentile.
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The spectrum of CAO cloud properties is rather continuous (Figs. 4 and 5), but two cloud 
modes can be distinguished, depending on environmental conditions. Mode A, defined by 
high M values and/or strong surface winds, is characterized by pockets of strong updrafts 
and convective turbulence (alternating with decaying convective cells), occasionally high 
reflectivity with heavy surface precipitation rate, high cloud tops (with a secondary peak 
around 3.5 km MSL), rather low LWP on average, and broken cloud cover. Yet mode B, defined 
by low M values and/or weak surface winds, typically is associated with weak vertical drafts 
(up- and downdrafts) and turbulence, cloud tops around 2 km MSL, widespread but low re-
flectivity values, light precipitation rate, nearly overcast cloud cover, rather high amounts of 
supercooled liquid water, and common presence of cloud-top generating cells. Contrasts of 
this type are being explored further.

An example of the more intense CAO mode A is shown in Figs. 6a and 6c, depicting a se-
quence of convective cells and their (hydrometeor) vertical motions. During this 6-h period 
on 28 March, the average M value was 6.9 K, the surface wind speed was 13.1 m s21, and 
the SST-based CAPE was 1,186 J kg21 at the AMF1 site. In contrast, the mode B cloud regime 
example shown in Figs. 6f and 6g (25 April) has an average M value of 0.9 K, a wind speed 
of 9.1 m s21, and an SST-based CAPE of 112 J kg21.

Fig. 6. Time–height transect of radar reflectivity from (a) KAZR and (b) model, and hydrometeor vertical velocity from  
(c) KAZR and (d) model, for the 28 Mar 2020 case, an example of mode A cloud structure. The model output calculations 
assume Ka-band scattering. The distance scale on top is based on the average wind speed between the surface and 5 km 
over the time of the transect. (e) Liquid water path (LWP) from radiometer for the same time period (blue), and for a mode 
B example, on 25 Apr (red). (f) KAZR reflectivity and (g) KAZR hydrometeor vertical velocity for this mode B example.
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Measurements of ice nucleating particles and other aerosol particles.  The Aerosol  
Observing System (AOS) at Andenes collected data on size distributions and concentrations 
of cloud condensation nuclei (CCN) and ice nucleating particles (INPs), and compositions of 
INP (Table 1). Here, we focus on INPs, which were measured using filter collections, resus-
pension of particles into pure water, and assessment via immersion freezing analysis, as de-
scribed in the supplement. This method, which follows previous measurement efforts with 
the Colorado State University ice spectrometer (e.g., McCluskey et al. 2018), has now been 
standardized for mentored use with the DOE ARM program. Immersion freezing INP concen-
trations for 16 filters collected during identified COMBLE CAO events (“Objectively defined 
cold-air outbreaks during COMBLE” section in the supplemental material) are shown in  
Fig. 7. These Arctic INP data are compared to analogous samples collected in the Southern 
Ocean during the Measurements of Aerosols, Radiation and Clouds over the Southern Ocean 
(MARCUS) campaign (McFarquhar et al. 2021). It is clear that the INP population concentra-
tions at this coastal site during CAOs are, on average, up to an order of magnitude higher 
than measured in the remote marine boundary layer over the Southern Ocean. This differ-
ence remains to be critically explored in future analyses as having a source from enhanced 
emissions of INPs in sea spray aerosol (SSA) particles or due to mixing of INPs of free tropo-
spheric origin into the CAO marine boundary layer. Comparison to the SSA INP parameter-
ization of McCluskey et al. (2018), fashioned around data collected at the Mace Head station 
in Ireland during summer conditions, is also shown in Fig. 7 (as M18).

To constrain M18 for COMBLE, we have applied the estimated upper bounds of total 
aerosol surface area derived from the COMBLE AOS dataset for CAO conditions. This  
parameterization, which has shown some success in describing Southern Ocean marine 
INP concentrations (McCluskey et al. 2018), cannot explain the nature of the INPs measured 
during the COMBLE CAOs at Andenes. We note that M18 does not include a description of 
enhanced marine organic INPs that have been found to be present in some North Atlantic 
and Arctic sea surface microlayers (Wilson et al. 2015), and found episodically in the North 
Atlantic summer atmosphere (McCluskey et al. 2018). Errors expected from the use of two 
common, generalized parameterizations for INPs applied in regional and global models  
become evident in Fig. 7. These are the default non-aerosol-aware parameterization used in 

Fig. 7. INP concentrations vs temperature in 16 CAO events. Shown for contrast are data from 
Southern Ocean (MARCUS) studies. Also included are parameterized INP concentrations on the 
basis of the spectra used as default in the Morrison microphysics scheme (Morrison and Gettelman 
2008), from DeMott et al. (2010; D10) using .0.5-μm aerosol concentrations for typical marine BL 
conditions at COMBLE, and for primary sea spray aerosol INPs on basis of the parameterization of 
McCluskey et al. (2018) (M18-SSA) at maximum CAO aerosol surface area conditions at COMBLE.
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the Morrison microphysics scheme (Morrison and Gettelman 2008), and the “global” INP 
parameterization of DeMott et al. (2010), constrained using aerosol particle concentrations 
at sizes larger than 0.5 μm. [DeMott et al. (2010) suggested that their parameterization may 
not be applicable to marine BL aerosol particles.] Explaining and properly parameterizing 
the sources of INPs feeding COMBLE storms during CAOs will require deeper inspection of 
datasets from COMBLE, MOSAiC, and elsewhere, and specialized investigations of the com-
position and sources of INP.

Case study: 28–29 March 2020
The definition of a CAO as a sustained period of thermal instability and onshore flow [“Supple-
mental Bear Island (S2) site” section] yields 49 (39) CAOs at Andenes (Bear Island) during 
COMBLE, as detailed in the “Objectively defined cold-air outbreaks during COMBLE” section 
in the supplement. These events cover a broad range of upstream temperatures, stabilities, 
and wind speeds. Three of these were particularly intense and long lived: 2–6 February, 
12–13 March, and 27–30 March 2020. All three episodes had periods of deep convection 
(4–5 km deep) with trajectories linking Andenes to the Arctic ice edge in the Fram Strait  
(Fig. 1). The 2–6 February case was the most persistent case; it featured a polar low passing 
north of Andenes, and both open and closed cells over the course of the event, with variable 
cloud tops. The 12–13 March case witnessed the highest M values, in the cold air behind a 
polar low; virtually all instruments collected good data in this case (see supplement).

Here, we illustrate the 27–30 March 2020 case (Fig. 1). This event had an average M value 
of 6.6 K, and a 2.5-day-long period of 4–5-km deep convection. We conducted a Weather Re-
search and Forecasting (WRF) limited-area model (LAM) simulation of this case, driven by 
the ERA5 reanalysis. The outer and inner domains of this convection-permitting simulation 
are resolved by horizontal grid cell spacings of 3 and 1 km, respectively. We use a vertical 
grid cell spacing of ~50 m from near the surface to 5 km AGL to better represent the fine-
scale BL structure and entrainment across the BL top. The inner domain spans the distance 
between the ice edge in the Fram Strait and northern Norway. Additional information about 
this simulation can be found in Juliano et al. (2021).

Results from the simulations provide insight into the physical processes relevant to the 
CAO evolution that cannot be gleaned from the observations alone. At the beginning of the 
event, a mature polar low (or subsynoptic low) was located southeast of Svalbard and over 
the Barents Sea. Low-level cold air advection and strong northwesterly winds behind the 
low-pressure circulation supported intense surface heat fluxes, resulting in persistent CAO 
conditions at Andenes. Convective roll-like cloud structures initiated near the ice edge, wid-
ened with increasing fetch as the BL deepened, and eventually transitioned into cellular cloud 
structures (Fig. 1), a transition nicely captured in the simulation. By midday on 29 March, 
low-level winds weakened and cold-air advection mostly vanished; the cloud streets were 
not as strongly linked to the ice edge and more widely spaced cellular structures appeared 
near Andenes.

This LAM captures the depth, width, and spacing of the cellular convection at Andenes 
reasonably well (Fig. 6). A grid spacing around 1 km appears sufficient also to capture the 
HCRs and transverse bands in marine CAOs (e.g., Chechin et al. 2013; Campbell et al. 2018). 
To facilitate a direct comparison with the Ka-band radar data, we postprocessed the necessary 
WRF variables (including hydrometeor mixing ratios and number concentrations, and state 
variables) using the Cloud Resolving Model Radar Simulator (CR-SIM; Oue et al. 2020). The 
model’s performance at Andenes is an assessment of the accuracy in which the model captures 
relevant processes from the ice edge down to Andenes, a ~1,200-km distance. The 1-km grid 
cell spacing domain captures the resulting cloud depth and the rather uniform wind profile 
well (Fig. 8). The model agrees with radiosonde data that the SST-based convective available 
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potential energy (CAPE) just off the Norwegian coast is around 1,000 J kg 21 . The resulting 
convective up- and downdrafts significantly perturb the humidity and the temperature pro-
files at small scales, both in the model and according to the 3-hourly radiosonde data (not 
shown). Both soundings shown in  Fig. 8  present in-cloud conditions, but significant drying 
occurs between the convective cells, at all levels (not shown). The lifting condensation level 
is high enough ( Fig. 8 ) to allow significant convective cold pools to form. Therefore, it is more 
meaningful to compare distributions of convective parameters such as CAPE, an effort that 
is currently in progress.  

 The observed radar profiles show multiple cloud cells with cloud tops between 4 and 5 km 
MSL ( Fig. 6a ). Individual cells are in different stages of their development: some cells are char-
acterized by high reflectivity in the upper cloud region, overshooting tops, strong updrafts, and 
high spectral widths, suggesting strong turbulence. Additionally, radiometer data indicate large 
LWP values (sometimes exceeding 1,000 g m 22 ) in those cells ( Fig. 6e ), and surface temperature 
measurements reveal no clear cold air anomaly. Thus, these cells are likely developing/maturing. 
In contrast, other cells in the same transect are in a decaying stage, as the highest reflectivity is 
found near the surface and the Doppler velocity is dominated by downward motion ( Fig. 6c ). These 
cells also have lower spectral widths, virtually no cloud liquid water, and a well-defined surface 
cold pool, indicative of precipitation (not shown). This suggests that convective cells experience 
a life cycle, which in turn may impact the cloud macroscale structure seen on satellite imagery. 

 The model also captures convective cells at different stages in their life cycle. Model output 
will be used to understand how cloud life cycle impacts new cell formation through cold pools, 
convergence, and low-level vorticity balance, and how these convective processes impact the 
overall open-cellular structure. At 1-km grid cell spacing, the model obviously fails to capture 
the fine updrafts and eddies evident in the KAZR Doppler velocity data ( Figs. 6c,d ), hence the 
interest in turbulence-resolving LES modeling.   

 COMBLE-based modeling experiments 
 Several COMBLE-motivated modeling studies are currently in progress. These studies comple-
ment analysis of in situ and remote sensing measurements. Several well-documented CAO 

  
 Fig. 8.      Andenes skew  T  at 1123 UTC 28 Mar 2020 (radiosonde data, light blue, light red, and 
gray barbs) and corresponding WRF Model output (dark blue, dark red, and black barbs). The SST 
offshore from Andenes was about 16.1°C; the observed and simulated SST-based CAPE and equi-
librium level (EL) are listed in the lower-left insert.    
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events, in particular, the three events listed in the “Case study: 28–29 March 2020” section, 
are expected to serve as test cases for detailed process-oriented modeling. Such case studies are 
important for assessing current understanding of complex surface–atmosphere interactions in 
the Arctic, and for evaluating model formulations. Especially the water cycle in CAOs, related 
to cloud formation and precipitation, has been shown to contribute to significant discrepancies 
between different model resolutions (Spensberger and Spengler 2021). Modeling is expected 
to make significant progress in the understanding and numerical representation of two related 
topics: the cloud macroscale structure and microphysical processes in mixed-phase clouds.

It has become a common practice to rely on well-evaluated, high-resolution models, both 
LAMs (as illustrated in the “Case study: 28–29 March 2020” section) and especially LES 
models, to serve as surrogate datasets for developing and testing parameterizations for 
climate models. This paradigm is being followed in COMBLE research. LES models resolve, 
rather than parameterize, exchanges in the BL, and capture cloud processes in the resolved 
eddies. They allow robust comparisons with the targeted observations collected in COMBLE 
and can take into account observational uncertainty. LES models are designed to capture 
the basic coupling of dynamical and microphysical processes at large-eddy scales and have 
been successfully used in previous observationally based Arctic case studies (e.g., Gryschka  
and Raasch 2005; Ovchinnikov et al. 2011; Fridlind and Ackerman 2018). Single column 
model (SCM) mode climate model simulations (e.g., Klein et al. 2009) are being run as well, 
to test climate model physics for a given set of boundary conditions and assumptions. Finally,  
a global, unconstrained, convection-permitting (3-km grid cell spacing) model is being  
examined in terms of CAO cloud properties and macroscale structure (Zheng et al. 2021).

Several previous ARM-sponsored field campaigns aimed at Arctic mixed-phase BL clouds 
have led to international model intercomparison projects (Klein et al. 2009; Morrison et al. 
2011; Ovchinnikov et al. 2014). Such intercomparisons are invaluable in establishing confi-
dence in LES results and characterizing their uncertainties. A similar intercomparison, but 
focusing on the dynamic “gray zone” regime of CAOs, was conducted by de Roode et al. (2019). 
In that study, the use of aircraft and quantitative satellite information was quite limited. A 
similar study, but with more in-depth observational guidance, is being planned, and will use 
one or more COMBLE case studies. Such a testbed provides a powerful tool for both evaluating 
and improving the ability of climate models to simulate the fundamental processes active in 
marine high-latitude CAOs. This intercomparison testbed will be used to evaluate new and 
existing parameterizations, in particular, their scale awareness, or the ability to appropriately 
rebalance relative contributions of processes at subgrid (parameterized) and resolved scales 
when the model resolution changes. A recent intercomparison conducted under the Global 
Atmospheric System Study (GASS), which tested the ability of LAMs with horizontal resolutions 
in the 1–16-km range to simulate an aircraft-sampled CAO event just north of Scotland (Field 
et al. 2017), can serve as a prototype for a COMBLE-based case. The planned modeling will 
draw on the experience from these activities, but will differ significantly in scientific focus 
and in the broader range of observations used to evaluate the simulations.

Two challenges exist in this endeavor, and they are rather unique to COMBLE. One is the 
vast distance between the ice edge and Andenes, O(1000) km, whereas LES must be conducted 
at a resolution that is at least four orders of magnitude smaller [O(0.1) km], to capture the bulk 
of the energy spectrum and relevant cloud processes. Therefore, the LES studies currently 
in progress assume a quasi-Lagrangian approach, whereby a relatively small domain, large 
enough to capture interacting convective cells (e.g., 50 3 50 km2), is advected with the pre-
vailing BL wind. COMBLE provides the comprehensive measurements required to constrain a 
quasi-idealized Lagrangian CAO marine BL case study suitable for such side-by-side simula-
tion with LES and climate models in SCM mode. Lagrangian CAO MBL budgets for coupled 
thermodynamic, aerosol (CCN and INP), and microphysical processes can be calculated 
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independently from observations and regional or climate model simulations, as well as LES 
and SCM simulations, providing a unified framework for understanding model performance 
and deficiency. One “hero” mesoscale to microscale coupled simulation is planned to cap-
ture the interactions among dynamics, thermodynamics, and microphysics across scales in 
one of the COMBLE CAO cases. The planned simulation includes an LES nest, consisting of 
approximately 10,000 3 3,000 grid cells with grid spacing of 90 m, embedded in a parent 
mesoscale domain. Two additional LES nests, with grid spacing of 30 m, will be introduced 
into the first LES domain near the northern and the southern edges of the CAO.

The second challenge is that the upstream environment (the Arctic) is extremely data 
scarce, which makes model performance assessment at the level of individual case studies 
very challenging (Neggers et al. 2019). Model evaluation requires not just a critical assess-
ment of model physics, but also (and first) a reverse engineering approach to correct biases in 
the driver datasets (that provide the upstream conditions) to match downstream conditions, 
i.e., the observations at Andenes or Bear Island. Separation between errors due to initial/
boundary condition uncertainty and model physics uncertainty will be difficult. While 
there were eddy correlation probes on 10-m towers at both COMBLE sites, there were no in 
situ measurements of surface turbulent heat (and moisture) fluxes over the vast Norwegian 
Sea. The surface heat fluxes simulated by Lagrangian LES runs (with a fixed SST from the 
driver dataset, such as ERA5) may differ significantly from those in the driver dataset. A 
thorough evaluation of the sensitivity of the BL structure and cloud properties to surface 
fluxes should be of high priority in COMBLE and future studies. Radiosonde data and aerosol 
particle measurements were collected at Ny-Ålesund (Svalbard) and from the Polarstern, as 
part of the NASCENT and MOSAiC campaigns, respectively (Fig. 2). A preliminary backward 
trajectory analysis indicates that for brief periods in six CAOs, air sampled at Andenes can 
be traced back to the close vicinity of Ny-Ålesund or the Polarstern. In these cases, the ob-
served thermodynamic profiles and aerosol information at either of these two sites can be 
used to drive simulations.

Ultimately, output from well-constrained LES in CAO environments will be used to evaluate 
global operational NWP models, as well as climate models. Special attention will go to the 
evaluation of key variables modulated by the CAO convective clouds. This includes the surface 
energy and momentum fluxes, which are enhanced by the convective and roll circulations 
that are subgrid scale in NWP and climate models; cloud-top height and BL depth, which are 
the result of a history of convective activity and cloud-top entrainment; and microphysical 
parameters (in particular, the aerosol budget, cloud liquid and ice water path, albedo, and 
precipitation rate), which depend both on surface exchange processes and BL depth. To evalu-
ate the ability of climate models to simulate CAOs, hindcast simulations will be performed for 
the whole deployment period or a few selected convective episodes using frameworks such as 
the DOE’s Cloud-Associated Parameterization Testbed (Ma et al. 2015). This approach exposes 
the performance of parameterizations more clearly by mitigating the complicating effects of 
natural variability at synoptic, seasonal, and interannual time scales.

Conclusions
During COMBLE between 1 December 2019 and 31 May 2020, the DOE ARM Mobile Facility 
and additional instruments were successfully deployed at a coastal site (Andenes) and an 
island site (Bear Island) along the ice-free Norwegian Sea, which climatologically is a global 
hotspot for CAOs over open water in winter and early spring. The Andenes site, on the northern 
Scandinavian coast, hosted multifrequency profiling and scanning radars, lidars, radiometers, 
and in situ aerosol, cloud, precipitation, trace gas, radiation, and flux measurements. Bear 
Island, located about halfway between northern Scandinavia and the Arctic ice, had a smaller 
instrument array, in particular, fewer remote sensors and aerosol probes.
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The COMBLE campaign was conducted to examine the fetch-dependent relations between 
surface fluxes of heat and momentum, BL structure, aerosol, cloud and precipitation proper-
ties, and mesoscale circulations in marine CAOs. Accurate representation of the marine CAO 
regime in NWP and climate models is challenged by the subgrid-scale nature of the circula-
tions, vertical exchanges, and cloud processes responsible for this cloud regime.

A cumulative total of 34 (38) days of CAO conditions at Andenes (Bear Island) during 
COMBLE, with a broad range of upstream temperatures, stabilities, and aerosol particle con-
centrations. Current observational analysis is focusing on three relatively persistent, intense 
outbreaks at Andenes, with convective cloud tops up to 4–5 km deep, but a broad spectrum 
of CAO conditions was observed in COMBLE, including many cases with cloud tops closer 
to 2 km MSL, typically with weaker convective drafts, much lighter precipitation, and yet 
higher cloud cover. The COMBLE dataset is being used as a modeling testbed to enhance 
understanding of mixed-phase cloud processes and cloud mesoscale organization, and to 
improve the representation of these processes in global models. A comprehensive suite of 
modeling activities is in progress, ranging from SCMs, LES, and LAMs to climate models. 
Plans are underway for a coordinated LES intercomparison effort, guided by a uniform driver 
dataset for at least one of the COMBLE case studies, and validated by COMBLE measurements 
and value-added products. This effort will be used to evaluate BL, aerosol, and cloud param-
eterizations in climate models.
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Appendix: Abbreviations

AERI Atmospheric emitted radiance interferometer
AMF ARM Mobile Facility
ARM Atmospheric Radiation Measurement
AOS Aerosol Observing System
(M)BL (Marine) boundary layer
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CAO Cold-air outbreak
CAPE Convective available potential energy
CCN Cloud condensation nuclei
CEIL Ceilometer
COMBLE Cold-Air Outbreaks in the Marine Boundary Layer Experiment
CR-SIM Cloud Resolving Model Radar Simulator
DL Doppler lidar
DOE Department of Energy
ECMWF European Centre for Medium-Range Weather Forecasts
EL Equilibrium level
HCR Horizontal convective roll
INP Ice nucleating particles
KAZR Ka-band profiling radar
LAM Limited area model
LDIS Laser disdrometer
LES Large-eddy simulation
LWP Liquid water path
MFRSR Multi-Filter Rotating Shadowband Radiometer
MODIS Moderate Resolution Imaging Spectroradiometer
MPL Micropulse lidar
MRR Micro Rain Radar
MSL Mean sea level
MWR Microwave radiometer
NWP Numerical weather prediction
RWP Radar wind profiler
SACR Scanning cloud radar (Ka and W band)
SCM Single column model
TSI Total sky imager
VIIRS Visible Infrared Imaging Radiometer Suite
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