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Abstract: The Arctic experiences remarkable changes in environmental parameters that affect fluctua-
tions in the surface energy budget, including radiation and sensible and latent heat fluxes. Cold air
masses and cloud transformations during marine cold air outbreaks (MCAOs) substantially influence
the radiative fluxes, thereby shaping the link between large-scale dynamics, sea ice conditions, and
the surface energy budget. In this study, we investigate various cloud characteristics during intense
MCAOs over the Barents Sea from 2000 to 2018 using satellite data. We identify 72 intense MCAO
events that propagated southward using reanalysis data of the surface temperature and potential
temperature at the 800 hPa level. We investigate the macro- and microphysical parameters and
radiative properties of clouds within selected MCAOs, their dependence on sea ice concentration,
and their initial air mass properties using satellite data. A significant increase in low-level clouds
near the ice edge (up to +25% anomalies) and a smooth transition to upper-level clouds is revealed.
The total cloud top height during intense MCAOs is generally 500–700 m lower than under neutral
conditions. MCAOs induce a positive net cloud radiative effect, which peaks at +20 W m−2 (100 km
from the ice edge) and gradually decreases towards the continent (−2.3 W m−2 per 100 km). Our
study provides evidence for the importance of changes in the cloud radiative effect within MCAOs,
which should be accurately simulated in regional and global climate models.

Keywords: cold air outbreak; cloud radiative characteristics; arctic climate; Barents Sea; air–sea
interaction; environmental satellite

1. Introduction

In recent decades, the Arctic regions have been warming two to three times faster
than the planet as a whole [1,2]. Temperature changes are accompanied by reductions in
sea ice area and thickness [3,4], increases in air humidity [5], changes in cloud cover [6–8],
and changes in circulation regimes [3,9]. Changes in the characteristics of marine cold
air outbreaks (MCAOs) over the Arctic Ocean are particularly indicative of circulation
changes [5,10], which are critical for atmospheric interactions between the Arctic and mid-
latitudes [11]. In the Arctic, MCAOs occur when relatively cold and dry air masses from the
sea ice regions move over the comparatively warmer ocean surface, triggering turbulent
heat and moisture fluxes and promoting cloud formation [12–14]. One of the main regions
for MCAO formation is the area of the Barents Sea, where MCAOs are most likely to occur
during the southward flow from the polar regions north of Franz Josef Land or Svalbard
over into the Barents Sea (BS) Basin [13,15–17]. Although MCAOs occur throughout the
year, they are most severe during the cold season when the sea–air temperature contrast is
greatest [12,17,18]. On average, MCAOs develop and dissipate over several hours to several
days [19,20] and can extend over 1000 km in severe cases [13,21] in the rear of midlatitude
lows. A poleward shift in the tracks of these lows [22] fosters changes in MCAOs frequency
and intensity [10].
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MCAOs crucially affect the ocean–atmosphere heat exchange, and cloud dynamics
strongly influence this exchange. In that regard, in Ref. [18], it was shown that MCAOs
are responsible for 60–80% of the oceanic heat loss in the northern seas. MCAOs are
characterized by anomalously high values of sensible and latent heat fluxes, reaching
up to 200–700 W m−2 [12,16] or even exceeding 700 W m−2 [23,24]. Radiation fluxes
and hence, the surface radiative budget (SRB), are strongly affected by cloud dynamics
within MCAOs [14]. Clouds obtain a specific structure under conditions of intense heat
transfer and enhanced convection in the surface layer of the atmosphere during MCAO
development [13,14,25,26]. More specifically, the so-called stratocumulus-to-cumulus trans-
formation of the cloud cover in the MCAO is usually considered (e.g., [15,21,27,28]).

Despite its importance, the dynamics of radiative fluxes during MCAOs and their
association with clouds is relatively understudied compared to sensible and latent heat
fluxes. Estimates of the radiative properties of cloud during MCAOs are rather scarce. In
particular, ground-based studies are limited by a small number of expeditionary campaigns
(e.g., COMBLE, ACTIVATE, EarthCARE, etc.), while model experiments are not yet perfect
at reproducing MCAOs (e.g., [29,30]) and cannot yet provide a reliable and complete picture
of the transformation of cloud influence on radiation effects within MCAO development.
Several studies have examined clouds within MCAOs using satellite data [23,27,31–33],
focusing mainly on changes in macrophysical cloud characteristics within MCAOs, in-
cluding their behavior with respect to proximity to the ice edge. However, little is known
about changes in the radiative properties of clouds, i.e., the cloud radiative effect, within
MCAOs. In addition, a number of research studies are devoted to clouds within MCAOs
in the North Atlantic region, while less is known about cloud parameters within MCAOs
over the Barents Sea, which is recognized as one of the key regions of Arctic influence on
mid-latitude weather regimes [34].

In this study, we focus on the cloud radiative characteristics of the atmosphere during
intense cold air outbreaks over the Barents Sea using CERES satellite data for the period of
2000–2018. In particular, we evaluate the absolute and anomaly values of various cloud
and radiation characteristics of intense MCAOs over the Barents Sea, as well as their
transformation within the MCAO. We also evaluate how the cloud radiative characteristics
of such untense MCAOs change with respect to various background conditions such as air
mass and sea surface temperature. In Section 2, we specify the research area and describe
the data and methods used, in Section 3 we present the main results, and in Section 4, we
summarize the results and suggest future work motivated by this study.

2. Materials and Methods
2.1. Study Area

Our analysis focuses on the intense MCAOs that formed within deep lows that pene-
trated from the Atlantic to the Arctic and developed primarily over the Barents Sea. Figure 1
shows an example of such a low (Figure 1a) and the cloud cover (Figure 1b) within an
MCAO that formed in the rear part of this area. In particular, the distinct transformation of
stratiform cloud streets into broken open or closed cells downstream can be observed.

The study area covers the BS and its surrounding areas (Figure 2). Within this region,
we selected several subregions to define and describe MCAO characteristics. In this study,
we focused on intense MCAOs moving southward from the polar ice caps, from the sea
ice edge. We defined the severity of MCAOs using the M-index (see Section 2.3.1 for more
details), based on information from the region in the southern BS (67–73◦ N and 30–50◦ E,
see box #2 in Figure 2); specifically, the average of the M-index in this area should be
≥3 K. The formation of the most intense MCAOs in the BS region most often occurs under
conditions of strong northerly winds [13,18]. Therefore, the central part of the BS (73–77◦ N
and 30–50◦ E, see box #1 in Figure 2), adjacent to the climatological sea ice edge, was used
for the selection of such outbreaks by checking the wind conditions (see Section 2.3.1).
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Figure 1. An example of a marine cold air outbreak on 19 March 2003: (a) the surface analysis map 
at 03:00 UTC retrieved from Ref. [35] (the red frame outlines the area shown in the satellite image 
in Figure 1b); (b) cloud cover over the Barents Sea on 19 March 2003 (around 10:00 UTC) obtained 
from NASA Worldview (based on the Terra/Aqua MODIS satellite images [36]). 
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Figure 2. Analysis region (65°–86 °N, 10°–80 °E) and areas used for sample selection or specific anal-
ysis for MCAO: in box #1, the wind condition is obtained; in box #2, MCAO severity is noted, and 
the sea surface temperature is calculated; box #3 is used for averaging cloud radiative characteristics 
for further composite analysis; box #4 is used for averaging the moisture content of the intruding 
air masses. Dotted lines show mean sea ice concentration values at 15%, 30%, and 95% (data from 

Figure 1. An example of a marine cold air outbreak on 19 March 2003: (a) the surface analysis map at
03:00 UTC retrieved from Ref. [35] (the red frame outlines the area shown in the satellite image in
(b)); (b) cloud cover over the Barents Sea on 19 March 2003 (around 10:00 UTC) obtained from NASA
Worldview (based on the Terra/Aqua MODIS satellite images [36]).
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Figure 2. Analysis region (65–86◦ N, 10–80 ◦ E) and areas used for sample selection or specific analysis
for MCAO: in box #1, the wind condition is obtained; in box #2, MCAO severity is noted, and the
sea surface temperature is calculated; box #3 is used for averaging cloud radiative characteristics for
further composite analysis; box #4 is used for averaging the moisture content of the intruding air
masses. Dotted lines show mean sea ice concentration values at 15%, 50%, and 95% (data from NSIDC
archive [37,38]), averaged over the analyzed sample of intense MCAOs. The orange line shows the
section of the 38th meridian extending south of the 95% sea ice edge position for the analysis of the
composite profiles of the cloud radiative parameters.

We investigated the cloud radiative properties of MCAOs over the BS and surrounding
areas and their dependence on climatic parameters, including sea ice extent in the Barents
Sea, sea surface temperature (SST), and moisture content of the incoming air mass. The area
in the northern part of the BS (77–82◦ N, 27–54◦ E, box #4 in Figure 2) was used to calculate
the moisture content of the incoming air masses. For the SST calculation, the region in
the south of the Barents Sea (box #2 in Figure 2) was used. The cloud characteristics were
calculated for the entire region, but also averaged over the central ice-free region of the BS
(72–76◦ N, 20–44◦ E, box #3 in Figure 2). Box #3 is defined as the area where the largest
anomalies in cloud characteristics are observed during intense MCAOs (see Section 3). We
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also analyzed changes in cloud characteristics accompanying the MCAO propagation from
the sea ice edge. We chose the 38 ◦E meridian for this analysis to capture the central basin
of the BS, as well as to maximize the length of the open water area, given the 95% sea ice
edge position to the north and the continental coast to the south.

2.2. Data
2.2.1. Reanalysis Data

As the main data source for MCAO identification, we used the 6 h ERA-Interim
reanalysis data for the surface and air temperature and pressure from January 2000 to
January 2018, with a resolution of 0.75◦ × 0.75◦ [39]. Since MCAO events typically last
several hours and cover a relatively large area [40], we assume that the spatial and temporal
resolution available in the ERA-Interim reanalysis is sufficient to successfully identify such
events, as was shown to be the case in many previous studies (see e.g., [17,21,40,41]). In
Ref. [42], it was shown that the ERA-Interim reanalysis quite adequately reproduces the
different characteristics of the Arctic atmosphere when compared to the observational data.
We have also used ERA-Interim data to analyze the initial characteristics of the intruding
air masses and the sea surface temperature of the BS.

2.2.2. Satellite Data

To analyze the cloud radiative characteristics, we used the Clouds and the Earth’s
Radiant Energy System (CERES) satellite data [43–45]. CERES measurements aim to assess
the impact of clouds on the Earth’s energy balance, which is one of the largest sources of
uncertainty, and to produce time series of climate data from the Earth’s radiation balance.
The program has been monitoring clouds and radiation for more than 20 years, and
includes measurements from the Terra and Aqua satellites. In particular, we used the
CERES SYN1deg Ed4A product for the period of 2000–2018 [46,47]—this archive represents
data regarding cloud properties and radiation fluxes on a regular grid, with a spatial
resolution of 1◦ × 1◦ and an hourly time resolution. This product shows relatively good
agreement with in situ cloud and radiation observations from the Arctic, especially over
the open water regions [48], while over the sea ice, both shortwave and longwave fluxes are
somewhat biased due to albedo and saturation effects [49]. In our study, we focus mainly
on the ice-free regions over the central part of the BS, where we can rely on CERES remote
sensing data.

Parameters such as cloud fraction (for low and total cloud cover), cloud height, cloud
phase composition, pressure at the lower boundary of the cloud cover, cloud water content,
and optical cloud thickness were analyzed. The cloud radiative effect was also calculated
from the longwave and shortwave radiative fluxes as the difference between the fluxes
under all-sky and clear-sky conditions [50]—see calculation details in Section 2.3.2. CERES
provides calculated fluxes for clear sky conditions using a specific algorithm [43,46,51,52].
Therefore, we used the available products for the downward and upward longwave and
shortwave radiation near the Earth’s surface.

For additional analysis of several intense intrusions, cloud radiation characteristics
were also obtained from MODIS (Moderate Resolution Imaging Spectroradiometer) data
installed on the US Terra and Aqua polar-orbiting satellites. The second level of data
(level 2), with a resolution of 5 km per pixel, was used, which is known to be sufficient to
identify convective ridges and cells [27]. In particular, the so-called MOD06 and MYD06
products (for Terra and Aqua, respectively) were used [53]. Information on satellite pass
times was obtained using satellite imagery and satellite orbit trajectories from NASA
data [36,54].

In addition, we used satellite microwave observations to estimate the sea ice concen-
tration (SIC), using the NSIDC Bootstrap version 3 product [38], which provides daily SIC
data on a 25 km by 25 km polar stereographic grid. This dataset is presented for the polar
region on a 25 km × 25 km polar stereographic grid, and daily values are available from
1978 to 2022.
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2.3. Methods
2.3.1. MCAO Identification and Sampling

In this study, we identified the MCAO events and checked their severity using the
M-index, K [55], which is defined as the difference in the vertical potential temperature
between the ground (sea) surface and the mid-tropospheric layer:

M = θskt − θ800 (1)

where θskt is the potential surface temperature, defined as θskt = Tskt

(
P0

Pmsl

)R/cp
,

R/cp = 0.288, Tskt is the surface temperature, P0 = 1000 hPa, and Pmsl is the pressure
above sea level; θ800 is the potential temperature at the level of 800 hPa.

In general, index M can be considered as a simple parameter of atmospheric stability.
It was developed to determine the advection of cold air over the open ocean, which is warm
relative to the air mass [16]. Various levels have been proposed for the calculation of the
potential temperature of the mid-tropospheric layer, i.e., from 700 hPa [16,55]. However,
the use of a surface at 800 hPa was found to better reproduce the MCAO characteristics at
high latitudes [56].

The MCAO events were defined as contiguous oceanic areas meeting the criteria of
M > 0 K in a grid cell (Figure 3a) [56]. We define the area of a certain MCAO intensity
according to the mean M-index value in the cells within a group of at least eight adjacent
cells to non-negative M-index cells (Figure 3b). The same number of ERA-Interim cells was
previously considered (see, e.g., [56]) as sufficient to capture the onset of MCAO formation.
In total, we identified 8108 6 h periods exhibiting MCAOs for 2000–2018 over the BS.
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that used in Figure 1).

For further analysis of cloud-radiation characteristics, based on satellite data for the
period 2000–2018, a narrower sample of only intense MCAO cases was selected, i.e., those
events with an M-index above 3 K averaged over the area indicated in box #2 (see Figure 2).
The presence of the northern quarter strong wind in the area shown in box #1 (with a
direction of from 335◦ to 25◦ and a windspeed > 3 m s−1), i.e., wind from the sea ice edge,
was an additional necessary condition for the MCAO event to fit the final sample. As a
result, we selected 72 intense MCAO events that met these criteria. Using this approach, we
conduct the analysis of MCAOs that were intensive enough to have reached the southern BS
in the area shown in box #2, and which were specifically driven by the northerly advection
of an Arctic air mass from the sea ice region. Although MCAOs during all seasons were
initially examined, the winter season tends to dominate the final sample of intense MCAOs.
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This sample consisted only of Arctic cold season MCAOs covering the months of November
to April, whereas the majority of MCAOs occurred in winter (54 out of 72 cases).

2.3.2. Cloud Radiative Characteristics

We analyzed various cloud radiative characteristics for MCAOs. The list of variables
is presented in Table 1.

Table 1. The list of analyzed cloud radiative characteristics. Note that the cloud characteristics are
evaluated for total and low-level clouds, which are further denoted by the subscripts ‘tot’ and ‘low’,
respectively. The low-level clouds in the CERES data refer to the layer from the surface to 700 hPa.

Parameter Full Name Unit

CRELW/SW/NET Cloud radiative effect W m−2

SRBLW/SW/NET Surface radiative budget W m−2

N Cloud fraction %
COT Cloud optical thickness units
CTH Cloud top height km
LWP Liquid water path g m−2

CBP Cloud base pressure hPa
CTP Cloud top pressure hPa

CPP Cloud particle phase
(1—liquid, 2—solid) units

CTT Cloud top temperature K
IWV Integral water vapor content kg m−2

EfR Cloud droplet effective radius µm

To calculate the impact of cloudiness on radiative fluxes during marine cold air out-
breaks, we employed a well-known cloud radiative effect (CRE) approach (following,
e.g., [50,57–60]), expressed as the difference in total radiative fluxes between natural atmo-
spheric conditions (so called “all-sky conditions”, AS) and clear-sky conditions (CS). The
total cloud radiative effect at the surface (CRENET) is calculated as the sum of the shortwave
(CRESW) and longwave (CRELW) cloud radiative effects:

CRENET = CRESW + CRELW (2)

which are, respectively, described as follows:

CRESW = (SW ↓AS − SW ↑AS)− (SW ↓CS − SW ↑CS) (3)

CRELW = (LW ↓AS − LW ↑AS)− (LW ↓CS − LW ↑CS) (4)

where SW ↓AS and LW ↓AS are the downward shortwave and longwave radiation fluxes
in the normal atmosphere, and SW ↓CS and LW ↓CS are the fluxes under cloud-free
conditions. The positive CRE implies the warming effect of clouds compared to conditions
under the cloudless atmosphere, while the cooling effect of clouds is represented by the
negative values of the CRE.

2.3.3. Composite Analysis of Cloud Radiative Characteristics

Given the selected sample of 72 intense MCAO events, we constructed composite maps
of the absolute values of cloud and radiation characteristics for the BS and neighboring
regions based on CERES satellite data. The anomalies of the cloud characteristics were
also estimated. These anomalies were calculated as the difference between the means for
72 selected MCAO cases and the means for the same time of day on the same calendar days
as for these MCAOs, but for all 19 years from 2000 to 2018. The statistical significance of
the anomalies was assessed using a Student’s t-test (at the 95% level).

For the selected sample of 72 intense MCAO events, we also plotted composite profiles
of changes in cloud and radiation characteristics along 38 ◦E (the orange line in Figure 2)
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from the sea ice edge, defined as the 95% sea ice concentration. The sea ice edge was chosen
as the starting point for each MCAO, while the ending point was the 800 km distance from
this edge, which was usually sufficient to remain above the sea surface. For each profile,
the mean of all selected MCAO events, the median, the 5th, 15th, 25th, 75th, and 95th
percentiles were determined, and the linear trend coefficients were also calculated.

In addition, we analyzed the fine structure of clouds within the MCAOs using MODIS
data with a 5 min temporal resolution. From a sample of 72 intense MCAO episodes, we
identified the subsample of intense MCAOs when the Terra/Aqua satellites were directly
over the BS region. In total, 19 such episodes were obtained for the Terra satellite and 14 for
the Aqua satellite. Composite maps of cloud characteristics (cloud fraction, temperature,
and pressure at the top of the cloud; effective radius; optical thickness; and cloud height)
were then produced for the region with the maximum number of passes for each satellite.

2.3.4. Dependence of MCAO Cloud Characteristics on the Background Conditions

The scenarios for MCAO development are diverse and depend on background con-
ditions, i.e., the characteristics of the air mass (e.g., lapse rate, humidity, etc.) and the
underlying surface (e.g., sea ice edge position and sea surface temperature). In this study,
we investigate the linkage of cloud characteristics within intense MCAOs over the BS with
several background parameters, including the vertical integral water vapor content (IWV)
of the intruding air mass, the sea surface temperature (SST), and the distance along the
38ºE meridian from the sea ice edge (the 95% sea ice concentration boundary) to the Kola
Peninsula. We used ERA-Interim reanalysis data for IWV and SST and NSIDC satellite
data for sea ice (see Section 2.1 for information on the boxes in which the averaging is
performed).

To estimate the dependence of cloud characteristics on the background conditions for
the sample of intense MCAOs, non-parametric Theil–Sen slope estimators were calculated
and their significance assessed using the Mann–Kendall test [61]. These slope estimators
were calculated for each pair of cloud characteristics and background condition parameters.
In addition, bootstrap-based 90% confidence intervals were assessed for each Theil–Sen
slope estimator.

3. Results
3.1. Spatial Distribution of Cloud Characteristics for Intense MCAOs

The cloud cover in the MCAO is transformed as the air mass moves along the MCAO
flow. As a result, both the micro- and macrophysical characteristics of the clouds and
the radiative parameters change as well. We found a decrease in Nlow (%) over the open
water, which is explained by the transformation of the cloud structure, i.e., the transition
from closed to open cells (Figure 4a). At the same time, the height of the low-level clouds
increases (Figure 4b), the phase changes from ice crystals above the ice surface to an almost
entirely liquid phase (Figure 4c), and the average values of the COTtot increase from ~2.3
over ice to ~7.2 when moving to an open water surface (Figure 4d). The observed increase in
the height of the lower cloud base is in good agreement with previous studies investigating
the height of the planetary boundary layer (PBL) in MCAOs (see, e.g., [9,13,31]). The
decrease in atmospheric pressure at the cloud base (Figure 4e), i.e., the increase in the cloud
base height, is characteristic of the growth of the convective mixed layer, which is caused
by temperature contrasts between the underlying relatively warm water surface and the
cold air. The pressure drops from 980–880 hPa near the sea ice margin to ~820 hPa near
the coastline.
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Figure 4. Composite maps of absolute values of several cloud characteristics for 72 intense MCAO
events: (a) low-level cloud fraction (%); (b) low-level cloud top height (km); (c) cloud particle phase
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the position of the 95% and 30% ice concentration boundaries, respectively, averaged for the sample
of the 72 analyzed MCAO episodes.

A strong increase in descending longwave radiation is found, with the absolute flux
values reaching 300 W m−2 when the MCAO crosses the sea ice margin (Figure S1a).
During the cold season, especially during the polar night, the LW fluxes provide the
greatest contribution to the CRENET, which is why the values of the CRELW (Figure S1b) are
similar to those of the CRENET. As the ice edge is approached, the absolute values of the
CRENET increase sharply (from 38 W m−2 to 57 W m−2, Figure 4f). Over open water, the
warming effect of the clouds decreases (from 57 W m−2 to 45 W m−2 on average, Figure 4f),
which is related to the transition of the clouds from closed to open cells [23,27,56].

Analysis of the composite maps of cloud radiative anomalies allows for the identifica-
tion of features characteristic of a selected sample of intense MCAOs during the cold season
over the Barents Sea. A significant increase in total cloudiness of 5–13%, compared to aver-
age conditions, was observed over the central basin of the Barents Sea during the MCAO
periods (Figure 5b), along with an increase of 20–23% for low-level cloudiness during these
periods (Figure 5a). In the lower, unstable stratified layer, the cloud particle phase shifts
towards the liquid phase (Figure 5c). This leads to an increase in the liquid water path for
both low-level and total clouds. For example, for the low-level clouds, the LWP anomaly
varies from 15–20 g m−2 near the ice margin to more than 100 g/m−2 near the Kola Penin-
sula coast (Figure 5f). Larger LWP anomalies over land are not significant and may be due
to uncertainties in LWP retrievals over the snow surface under conditions of a high solar
zenith angle [48]. Positive low-level cloud base pressure anomalies (Figure 5e) indicate
that clouds are lower during intense MCAOs compared to during average conditions. The
total cloud top height decreases during intense MCAO conditions (Figure 5d), because
all levels are considered for the total clouds, and the decrease in the high- and mid-level
cloud fraction during MCAOs leads directly to the decrease in the cloud top height. At the
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same time, the low-level cloud top height shows positive anomalies during MCAOs with
respect to background conditions (Table 2) due to the development of convection [17,21].
Small variations were found in the low-level cloud top height during MCAOs, but these
suggested a small decrease in this height for particularly strong MCAOs, while the causes
of this decrease remain unclear and deserve further investigation.
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Figure 5. Composite maps of anomaly values of various cloud and radiation characteristics for
72 intense MCAO events: (a) low-level cloud fraction (%), (b) total cloud fraction (%), (c) low-level
cloud particle phase (where 1 is liquid and 2 is ice), (d) total cloud top height (km), (e) low-level cloud
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Table 2. The absolute and anomaly values of selected parameters, averaged over the central region of
the Barents Sea (box #3 in Figure 2).
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Units 1 % % km km g/m2 g/m2 * * hPa * * W/m2 W/m2 W/m2 W/m2 W/m2 W/m2

Absolute
values 97.9 62.6 3.5 1.8 89.3 87.6 5.3 6.4 882.3 1.5 1.3 −67.6 70.1 13.8 −17.0 −53.8 53.1

Anomalies 6.7 15.9 −0.5 0.8 16.4 18.3 0.7 0.9 33.1 0.02 0.1 −13.8 13.1 0.1 −0.9 −13.7 12.2

1 Unitless variables are indicated by an asterisk (*).

Clouds have a warming effect on the near-surface air layer over the open sea surface
during the winter months [62,63]. In the case of intense MCAOs, the clouds become opti-
cally thicker and obtain a higher water content, which determines the positive anomalies
of the CRELW up to 20–25 W m−2 (Figure S2). The positive anomalies indicate a stronger
warming effect of clouds during MCAOs compared to under normal conditions. The values
of the CRENET and SRBNET anomalies during intense MCAOs are mainly determined by the
anomalies of the LW effect. This results in positive CRENET anomalies of up to +20 W m−2

(Figure 5h) and negative SRBNET anomalies of up to −18 W m−2 (Figure 5g).
The absolute and anomaly values of the cloud characteristics within intense MCAOs

averaged over the central basin of the Barents Sea are presented in Table 2.

3.2. Changes in the Cloud Characteristics with MCAO Propagation

As mentioned above, clouds within MCAOs undergo a certain transformation as
they move from the ice margin over open water. With the growth of the convectively
unstable layer in the atmosphere, there is a decrease in Nlow of 4%/100 km (Figure 6a),
while the cloud top height increases from 3 km at the ice margin to 3.5 km at a distance of
800 km (Figure 6g). At the same time, there is a gradual decrease in cloud base pressure,
with a trend of −4.9 hPa/100 km (Figure 6h). Low-level clouds begin to contain more
liquid particles (Figure 6e), while in contrast, clouds of all layers tend to contain more ice
crystals (Figure 6f). Moving away from the ice margin, clouds become optically thicker
(Figure 6c,d), with a peak in COT at ~300 km from the ice margin (~7 for low-level clouds),
after which a gradual decrease in COT is observed for both low-level and all clouds up to the
continent, which is most likely a consequence of the stratocumulus-to-cumulus transition.
The liquid water path gradually increases by 12.1 g m−2 for low-level clouds (Figure 6i)
and by 12.7 g m−2 for all clouds (Figure S3a), reaching ~100 g m−2 and ~60 g m−2 near
the continental boundary, respectively. For the radiative flux changes, the contribution of
the LW flux changes is the most important. Due to the changes in the CRELW (Figure S3b),
the values of the CRENET also change, gradually decreasing at a rate of −2.3 W m−2 per
100 km from its maximum around ~50–70 W m−2 near the ice margin to ~40–60 W m−2

closer to the continent.

3.3. Analysis of the Fine Structure of Cloud Characteristics within MCAOs Based on
MODIS Data

The CERES-SYN data analyzed in the previous sections provide global coverage, with
a spatial resolution of 1 degree and a temporal resolution of 1 h. The cloud data are based
on the MODIS instrument installed on the polar-orbiting Terra/Aqua satellites, which fly
over a given region at various time intervals. Therefore, data interpolation for times when
the satellite is far from the study area is likely to be inaccurate and may introduce some
errors into the cloud characteristics analyzed. To complement the above, we included the
satellite data obtained directly at the time the satellite passed over the study area. These
data were obtained directly from MODIS data (Level 2 data, MOD06_L2 and MYD06_L2
products) with a resolution of 5 min over a relatively small area for 33 MCAO events,
including 19 and 14 events observed from the Terra and Aqua satellites, respectively (see
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Section 2.2.2 for the details). Figure 7 shows the cloud characteristics averaged from the
19 events observed with the MODIS Terra instrument, while similar distributions are found
for the 14 events observed using the MODIS Aqua satellite (Figure S4).

Atmosphere 2024, 15, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 6. Changes in cloud characteristics along 38 °E from the sea ice margin (95% of sea ice con-
centration) for the analyzed sample of intense MCAOs: (a) the fraction of low-level clouds (%), (b) 
the fraction of total cloud cover (%), (c) the optical depth of low-level clouds; (d) the optical depth 
of total cloud cover; (e) the cloud particle phase of low-level clouds (where 1 is liquid and 2 is ice); 
(f) the cloud particle phase of total cloud cover (where 1 is liquid and 2 is ice); (g) the low-level cloud 
top height (km); (h) the low-level cloud base pressure (hPa); (i) the low-level cloud liquid water path 
(g m−2); and (j) the net cloud radiative effect on the surface (W m−2). Light grey areas show values in 
the 5th–95th percentile range, dark grey areas show values in the 25th–75th percentile range, and 
black dotted lines show the median value. Turquoise curves are averages over all selected MCAOs. 
Yellow dashed and small dotted lines show a linear trend with a 95% confidence interval. 

Figure 6. Changes in cloud characteristics along 38 ◦E from the sea ice margin (95% of sea ice
concentration) for the analyzed sample of intense MCAOs: (a) the fraction of low-level clouds (%),
(b) the fraction of total cloud cover (%), (c) the optical depth of low-level clouds; (d) the optical depth
of total cloud cover; (e) the cloud particle phase of low-level clouds (where 1 is liquid and 2 is ice);
(f) the cloud particle phase of total cloud cover (where 1 is liquid and 2 is ice); (g) the low-level cloud
top height (km); (h) the low-level cloud base pressure (hPa); (i) the low-level cloud liquid water path
(g m−2); and (j) the net cloud radiative effect on the surface (W m−2). Light grey areas show values
in the 5th–95th percentile range, dark grey areas show values in the 25th–75th percentile range, and
black dotted lines show the median value. Turquoise curves are averages over all selected MCAOs.
Yellow dashed and small dotted lines show a linear trend with a 95% confidence interval.
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Figure 7. Cloud characteristics averaged for 19 MCAO events based on MODIS (Terra) data, for
total cloud cover: (a) cloud fraction (%), (b) cloud optical thickness, (c) cloud top temperature (K),
(d) cloud top height (km), (e) cloud top pressure (hPa), and (f) cloud droplet effective radius (µm).
The lines represent the 25th, 50th, and 75th percentiles (turquoise, pink, and yellow lines, respectively)
of the ice boundary (15% concentration), averaged for the sample of the 19 MCAO episodes.

We found that the sea surface is almost completely covered by clouds (95–100%),
according to the data from both satellites, while over the ice and the continent, the number
of clouds is significantly lower (Figure 7a). A decrease in the cloud fraction observed by
CERES is not as pronounced in the MODIS data, presumably due to the fact that only total
cloud cover information is available from the 5 min MODIS data. The overall southward
increase in cloud optical thickness (Figure 7b) is pronounced, with a patchy structure
observed that is related to the cloud distribution in the cellular convection. It is worth
noting that the CERES data show a smaller southward increase in optical thickness. Further
analysis is needed to determine whether this difference is physical or due to sampling
differences.

In general, clouds become higher during the southward passage of the air mass
(Figure 7d), gradually increasing from 1.5 km to ~5 km, reaching a maximum as the air
mass approaches the continent. As the CTH increases, the cloud top temperature also
increases rather than decreases (Figure 7c), with temperatures at the cloud top increasing
from 200–220 K to 250–260 K. The rapid decrease in CTT as the air mass transitions towards
the continent is remarkable, with values dropping by 20–40 K on average. According to
the CERES data (not shown), there is also an increase in the water phase fraction in the
southerly direction. MODIS data show this increase as an increase in the droplet effective
radius (Figure 7f). The cloud top pressure gradually decreases from 1000 hPa over the sea
ice to 400 hPa over the continents, according to Aqua (Figure S4e), and from 800–900 hPa
over the sea ice to 600 hPa over the BS and further, to 300–400 hPa over the Kola Peninsula
(Figure 7e). As a result, analysis of both MODIS and CERES satellite data shows that clouds
become warmer and higher as the MCAO develops, with a gradual increase in the liquid
fraction and an increase in the radius of the liquid droplets.
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3.4. Dependence of MCAO Cloud Characteristics on the Environmental Conditions

Scenarios for MCAO development vary, with assumed environmental conditions
influencing these scenarios [14,28]. Specifically, the warming effect of clouds is statistically
positively correlated with increasing SST and expanding ice-free surface areas (Table 3). It is
likely that during intense MCAOs, as the ice margin shifts northwards, the expanded open
sea area contributes significantly to the increase in latent heat flux, which enhances the
transport of liquid water vapor into the atmosphere. This results in an increase in the liquid
water path in the upper atmospheric layers, as well as an increase in the cloud fraction,
both Ntot and Nlow (Table 3). A warmer surface and a higher moisture content in the air
correspond to higher and more developed low-level clouds, but to a reduction in high
and mid-level clouds and, consequently, to a decrease in the total cloud top height. This
relationship is partially confirmed in the study by Ref. [64]. Clouds under such conditions
are predominantly composed of liquid droplet particles, which explains the negative
correlation coefficients with the cloud phase parameter (Table 3). Our analysis shows
that a 1 degree SST increase leads to an increase in CRELW of 6.1 W m−2, a 6.9% increase
in the fraction of low-level clouds, and a 9.44 g m−2 increase in the total liquid water
path. Additionally, a 100 km increase in the distance to the sea ice margin leads to a 2.43%
increase in Nlow and a 4.97 g m−2 increase in LWPlow. An increase of 1 kg m−2 in the IWV
increases the low-level clouds liquid water path by 9.57 g/m2, Nlow by 9.76%, and CRELW
by 3.97 W/m2. Note that these are median values of the Theil–Sen slope estimators, while
their 90% confidence intervals imply a wider range of dependence of cloud characteristics
on background condition parameters (Table 3). Most of the analyzed cloud characteristics
display a statistically significant relationship with changes in environmental conditions.

Table 3. Dependence of cloud characteristics on background parameters, including the Mann–Kendall
rank correlation coefficients (MK) and the non-parametric Theil–Sen slope estimators (TS). The envi-
ronmental parameters include the distance from the sea ice margin (km), the sea surface temperature
of the BS (◦C), and the integral vertical water vapor content of the intruding air mass (kg m−2). Bold
and italics indicate statistically significant values at the 95% and 90% levels, respectively. In brackets
are the bootstrap-based 90% confidence intervals for each TS slope estimator.

Pa
ra

m
et

er

U
ni

ts
1 Distance to Ice Margin km SST ◦C IWV kg m−2

MK TS
* 102 MK TS MK TS

Ntot % −0.01 −0.03
[−0.37, 0.42] 0.20 1.66

[0.20, 2.91] −0.11 −0.95
[−1.96, 0.12]

Nlow % 0.19 2.43
[0.55, 5.00] 0.20 6.90

[2.85, 11.94] 0.21 9.76
[3.68, 18.76]

CTHtot km −0.16 −0.10
[−0.19, −0.03] −0.22 −0.34

[−0.54, −0.15] −0.28 −0.61
[−0.92, −0.28]

CTHlow km 0.20 0.03
[0.01, 0.05] 0.14 0.07

[0.01, 0.14] 0.02 0.01
[−0.10, 0.08]

LWPtot g m−2 0.40 5.40
[3.79, 7.55] 0.23 9.44

[3.16, 15.52] 0.15 9.06
[0.12, 16.51]

LWPlow g m−2 0.37 4.97
[3.25, 6.85] 0.25 8.99

[3.43, 13.56] 0.19 9.57
[1.56, 15.90]
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Table 3. Cont.

Pa
ra

m
et

er

U
ni

ts
1 Distance to Ice Margin km SST ◦C IWV kg m−2

MK TS
* 102 MK TS MK TS

COTtot * 0.30 0.34
[0.23, 0.47] 0.37 1.05

[0.70, 1.39] 0.05 0.24
[−0.37, 0.79]

COTlow * 0.32 0.34
[0.21, 0.51] 0.35 1.06

[0.65, 1.46] 0.04 0.18
[−0.34, 0.77]

CPPtot * −0.25 −0.03
[−0.06, −0.02] −0.21 −0.08

[−0.14, −0.03] −0.30 −0.15
[−0.24, −0.08]

CPPlow * −0.25 −0.02
[−0.04, −0.01] −0.22 −0.05

[−0.09, −0.03] −0.31 −0.10
[−0.16, −0.06]

CBPlow hPa −0.10 −1.24
[−3.09, 0.42] −0.12 −4.70

[−9.16, 1.18] −0.19 −9.01
[−15.69, −2.37]

SRBLW W m−2 0.03 0.16
[−0.93, 1.23] 0.14 2.57

[0.11, 4.99] 0.36 7.78
[4.74, 10.89]

CRELW W m−2 0.27 1.59
[0.72, 2.64] 0.40 6.10

[4.08, 8.31] 0.20 3.97
[2.12, 6.52]

SRBSW W m−2 −0.06 0.00
[0.00, 0.00] 0.02 0.00

[0.00, 0.00] 0.04 0.00
[0.00, 0.00]

CRESW W m−2 −0.23 0.00
[0.00, 0.00] −0.13 0.00

[0.00, 0.00] −0.04 0.00
[0.00, 0.00]

SRBNET W m−2 0.05 0.30
[−0.78, 1.24] 0.17 3.02

[0.79, 4.82] 0.33 7.72
[74.33, 11.33]

CRENET W m−2 0.23 1.58
[0.68, 2.80] 0.33 5.43

[3.26, 7.56] 0.18 3.94
[1.37, 6.52]

1 Unitless variables are indicated by an asterisk (*).

4. Conclusions

A sample of intense MCAO cases over the Barents Sea is evaluated, with a focus on
cloud characteristics. In total, 72 MCAOs were identified based on the M-index calculated
from ERA-Interim data regarding surface temperature and potential temperature at the
800 hPa level for the period of 2000–2018. CERES and MODIS satellite data were used to
evaluate the micro- and macrophysical parameters and the radiative properties of clouds
within selected MCAOs. A significant increase in low-level clouds near the ice edge (up
to +25% anomalies) and a smooth transition to upper-level clouds are revealed. The total
cloud height during intense MCAOs is generally 500–700 m lower than that under neutral
conditions. MCAOs induce a positive net cloud radiative effect, which peaks at +20 W m−2

(100 km from the ice edge) and gradually decreases towards the continent (–2.3 W m−2 per
100 km). We also evaluated the dependence of cloud characteristics on sea ice concentration
and initial air mass properties using satellite data. We show that a 1◦C increase in SST
results in the CRELW rising by approximately ~6 W m−2, the low-level cloudiness by ~7%,
and the moisture content by 9.4 g/m2. In turn, an increase in the passing distance for
100 km downwind of the sea ice margin leads to an increase in the Ntot of 2.4% and the
LWPtot of 5.4 g m−2. An increase of 1 kg m−2 in the water vapor content of the initial air
mass increases the LWP by 9.1 g m−2, the Ntot by 9.8%, and the CRELW by 4.0 W m−2.

Our results reveal the differences between the hourly adjusted CERES and the 5 min
resolution MODIS satellite data. This highlights the limitations of our study. Although
satellite and reanalysis data are often used for Arctic cloud and energy budget studies,
biases in SW and LW radiation fields and many cloud characteristics are still present due to
the presence of sea ice, temperature inversions, a high zenith angle, etc. [48,65]. This can
be partly overcome by relying on the analysis of field experiments, such as COMBLE [66],
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but such an approach fails to provide a large sample for analysis, and it must still be
complemented by long-term data. Another limitation of our study is the use of outdated
ERA-Interim reanalysis. In particular, the use of the more recent ERA5 reanalysis [67]
allows for the extension of the period of the modern data and the increase in the sample
size. This would likely not substantially change the results obtained for the satellite-based
cloud characteristics of MCAOs, but it could make them more specific. Such an analysis
should be carried out in future studies.

Fully understanding Marine cold air outbreaks remains challenging. For a thorough
analysis of the internal processes occurring in MCAOs, a combination of in situ measure-
ments is needed to represent the entire passage of an MCAO air mass. In addition to
satellite or model data, a spectrum of in situ measurements, i.e., airborne, ground-based,
and ocean-based instrument campaigns, is required, which is a challenging but necessary
task. A broader survey is needed to fill the knowledge gap regarding the characteristics of
MCAOs and their evolution in a changing climate, as well as and to avoid inconsistencies
between all available data. Our study provides an important, but by no means conclusive,
compilation of information to fill this gap, and this information can be used for comparison
with in situ measurements and for the validation of cloud simulations in current climate
and numerical weather prediction models.
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Abbreviation

Abbreviation Full Name Unit

Parameters

Parameter Full name Unit

M-index index representing MCAO intensity K
CRELW/SW/NET cloud radiative effect W m−2

SRBLW/SW/NET surface radiative budget W m−2

N cloud fraction %
COT cloud optical thickness units
CTH cloud top height km
LWP liquid water path g m−2

CBP cloud base pressure hPa
CTP cloud top pressure hPa
CPP cloud particle phase (1—liquid, 2—solid) units
CTT cloud top temperature K
IWV integral water vapor content kg m−2

EfR cloud droplet effective radius µm
Other
CERES Clouds and the Earth’s Radiant Energy System
MODIS Moderate Resolution Imaging Spectroradiometer
AM air mass
SIC sea ice concentration
ICE95 ice edge 95%
ICE30 ice edge 30%
CS clear-sky conditions
AS all-sky conditions
MK Mann–Kendall correlation coefficients
TS Theil–Sen slope estimator
SFC surface
BS Barents Sea
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