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Abstract

Marine Cold Air Outbreaks (MCAOs) have a profound influence on atmospheric conditions and the surface-atmosphere heat
exchange in Fram Strait and Svalbard. Comparing the global reanalysis ERA5 to its novel Arctic counterpart CARRA for
November-March 1991-2020, we investigate the surface turbulent heat fluxes and the spatial characteristics of MCAOQOs through-
out the troposphere. We find that the sensible heat flux from the surface to the atmosphere is substantially higher in CARRA,
while the latent heat flux is higher in ERA5. For sensible heat flux, the differences scale with the magnitude, leading to maxi-
mum disagreement over the ice-free ocean where the flux is high. Accounting for the varying magnitude over different surface
types, we find the largest relative disagreement over sea ice. During MCAOs, negative anomalies in temperature and specific
humidity are present throughout the entire troposphere in both reanalyses. Meanwhile, positive heat flux anomalies are found
in northwestern Fram Strait, where the sensible heat flux from the ocean to the atmosphere is roughly doubled during MCAOs.
Around much of Svalbard, sea ice decline has caused positive trends in the surface-atmosphere potential temperature difference
forming the basis of the MCAO index, leading to higher heat fluxes. In Fram Strait however, both reanalyses show negative
trends in the MCAO index and the heat fluxes in January, when the increase in potential temperature is larger at 850 hPa than

at the surface.
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Fram Strait Marine Cold Air Outbreaks in CARRA
and ERAS5: Effects on Surface Turbulent Heat Fluxes
and the Vertical Structure of the Troposphere

Nils Sliattberg!?, Sandro Dahlke!, Marion Maturilli'
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Key Points:

e Cold and dry anomalies are present throughout the troposphere during Fram Strait
Marine Cold Air Outbreaks

e The surface sensible heat flux is substantially higher in CARRA than in ERA5
while the latent heat flux is lower

+ The comparison indicates that known biases of ERAS5 in the heat fluxes and the
air temperature over sea ice and Svalbard are smaller in CARRA

Corresponding author: Nils Slittberg, nils.slaettberg@awi.de
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Abstract

Marine Cold Air Outbreaks (MCAOs) have a profound influence on atmospheric con-
ditions and the surface-atmosphere heat exchange in Fram Strait and Svalbard. Com-
paring the global reanalysis ERA5 to its novel Arctic counterpart CARRA for November-
March 1991-2020, we investigate the surface turbulent heat fluxes and the spatial char-
acteristics of MCAOQOs throughout the troposphere. We find that the sensible heat flux

from the surface to the atmosphere is substantially higher in CARRA, while the latent
heat flux is higher in ERA5. For sensible heat flux, the differences scale with the mag-
nitude, leading to maximum disagreement over the ice-free ocean where the flux is high.
Accounting for the varying magnitude over different surface types, we find the largest
relative disagreement over sea ice. During MCAOQOs, negative anomalies in temperature

and specific humidity are present throughout the entire troposphere in both reanalyses.
Meanwhile, positive heat flux anomalies are found in northwestern Fram Strait, where

the sensible heat flux from the ocean to the atmosphere is roughly doubled during MCAOs.
Around much of Svalbard, sea ice decline has caused positive trends in the surface-atmosphere
potential temperature difference forming the basis of the MCAO index, leading to higher
heat fluxes. In Fram Strait however, both reanalyses show negative trends in the MCAQO
index and the heat fluxes in January, when the increase in potential temperature is larger
at 850 hPa than at the surface.

Plain Language Summary

In Fram Strait, located between Greenland and Svalbard, Marine Cold Air Out-
breaks (MCAOs) are formed when cold air moves from sea ice covered regions out over
the open ocean. Because the air is so cold and dry compared to the ocean, vigorous heat
transfer occurs in the form of sensible heat flux (heat from the ocean surface is trans-
ported to the air) and latent heat flux (water is evaporated). We compare the reanal-
ysis datasets ERA5 and CARRA, and find that the sensible heat flux is much higher in
CARRA, while the latent heat flux is somewhat higher in ERA5. We also find that dur-
ing MCAQOs, the entire troposphere (approximately the lowest 10 km of the atmosphere)
becomes colder and drier. The heat fluxes are especially large in the northwestern part
of ice-free Fram Strait during MCAOs, when the sensible heat flux in CARRA is twice
as large as usual. Over the studied period, sea ice has decreased in much of the region,
and therefore the heat fluxes have increased. In January however, the atmosphere warmed
faster than the ocean surface, causing a smaller temperature difference between the sur-
face and the air. Therefore, the heat fluxes in January have decreased.

1 Introduction

The Arctic climate and environment is transforming and particularly rapid changes
are seen in the winter conditions of the Svalbard and Fram Strait region (Dahlke & Ma-
turilli, 2017). In Fram Strait, the West Spitsbergen Current brings warm water north-
wards while the East Greenland Current carries cold Arctic water southwards (Rudels
et al., 2012). Significant meridional transport occurs in the atmosphere as well, as cy-
clones and related intrusions of warm, moist air enters the Arctic from lower latitudes
(Fearon et al., 2021). In the opposite direction, cold and dry Arctic air masses are ad-
vected in surges known as Marine Cold Air Outbreaks (MCAOs), which are very com-
mon in the Fram Strait during winter (Dahlke et al., 2022). Consequently, this region
represents a major gateway of atmospheric (Tsukernik et al., 2007) and oceanic (Aagaard
& Greisman, 1975) energy transports between the Arctic and lower latitudes, making
it a hotspot for ocean—atmosphere energy exchanges (Wickstrom et al., 2020; Papritz &
Spengler, 2017). Such exchanges include the turbulent heat fluxes, i.e surface sensible
heat flux (SSHF) and surface latent heat flux (SLHF). These fluxes (collectively termed
"heat fluxes” throughout this paper) exert a growing influence on Arctic climate vari-
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ability as the temperature difference between the surface and the lower atmosphere changes
in response to trends in sea ice characteristics (Taylor et al., 2018).

MCAOs are known to favor large heat fluxes in the Arctic (Papritz & Spengler, 2017).
As cold air masses are advected over the relatively warm ocean surface they pick up heat
and moisture, which leads to a rapid transformation of the air mass and can result in
vigorous convection (Pithan et al., 2018). At the same time, the heat transfer cools the
ocean mixed layer, facilitating dense water formation (Papritz & Spengler, 2017). In fact,
MCAOs account for as much as 60-80% of the oceanic wintertime heat loss in the Nordic
and Irminger Seas (Papritz & Spengler, 2017). MCAOQOs are thus of great importance for
the transfer and distribution of heat within the highly coupled Arctic climate system.

Over Fram Strait, negative MCAO index trends in December and January were
found in ERAS5 for 1979-2020, when the difference between the potential temperature
at the surface and 850 hPa was decreasing (Dahlke et al., 2022). For March, in contrast,
Dahlke et al. (2022) identified a positive MCAQO index trend, which was related to in-
creased northerlies across Fram Strait. Given the strong effect of MCAOs on the heat
fluxes, it is conceivable that they may change in response to the MCAO trends.

As noted above, MCAOs initiate convection, altering the vertical structure of the
originally cold and dry air mass. MCAQs are thus associated with low static stability
in the near surface air masses and typically result in organized convection, as often re-
vealed by the formation of cloud streets or cellular cloud patterns (Briimmer & Pohlmann,
2000; E. W. Kolstad, 2011). Moreover, they often bring about severe weather and con-
ditions suitable for the formation of intense mesoscale cyclones (Terpstra et al., 2021)
such as polar lows (E. W. Kolstad, 2011). But how do the air mass properties change
with height and how far beyond the surface do MCAOs extend? Airborne campaigns have
allowed observations of the lower troposphere during specific MCAO cases (e.g. Knudsen
et al. (2018), Michaelis et al. (2022), Hartmann et al. (1997)). In addition, Meyer et al.
(2021) used a novel approach to investigate the 3-D structure of MCAQO cases in the Bar-
ents and Nordic seas in ERA5. They point out that there is considerable variation in the
shape and dynamics of different MCAQOs. Therefore, we examine atmospheric proper-
ties associated with MCAOs on a climatological time scale. For this purpose, we use data
from the global atmospheric reanalysis ERA5 (Hersbach et al., 2017, 2018, 2020) and
its regional counterpart, the Copernicus Arctic Regional ReAnalysis (CARRA) (Schyberg
et al., 2020). In addition, we provide detailed examination of two separate MCAOQ cases,
for which we include radiosonde data from Ny-Alesund, Svalbard.

Focusing on the Svalbard and Fram Strait region in November-March, when the
prevalence of MCAOs is high, and limiting our study to 1991-2020, we investigate the
following:

1. How does the novel CARRA reanalysis compare to ERA5 in terms of represent-
ing the heat fluxes and their relation with Fram Strait MCAQOs?

2. What characterizes the vertical structure of the atmosphere during MCAOs and
how does it vary over different surfaces and between CARRA and ERA5?

2 Data

We use three different data sources: ERA5 (Hersbach et al., 2017, 2018, 2020), CARRA
(Schyberg et al., 2020), and radiosondes launched from Ny-Alesund (Maturilli, 2008, 2020).
In Ny-Alesund, located on the west-coast of Svalbard (78.9°N, 11.9°E), radiosondes are
launched daily at 12 UTC, with additional launches during specific campaigns. In our
MCAO case study, we focus on two periods in January 2007 and March 2020, when ra-
diosondes were launched twice per day (12 and 18 UTC) and four times per day (00, 06,
12 and 18 UTC), respectively.

Reanalysis assimilates observations into numerical weather prediction models to
produce a physically consistent gridded dataset. However, reanalysis, especially in data-
scarce regions like the Arctic, comes with uncertainties that may be hard to quantify.



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Moreover, there can be substantial difference between reanalyses in the representation
of the heat fluxes (Taylor et al., 2018). Investigating the surface meteorology and heat
fluxes over the Iceland and Greenland Seas, Renfrew et al. (2021) found that although
ERAS5 performs well over open ocean, it is substantially less accurate in the marginal ice
zone (MIZ). In addition, ERA5 overestimates the sea ice temperature (Batrak & Miiller,
2019) and 2 m air temperature over sea ice (Wang et al., 2019), resulting in exaggerated
long-wave flux (Graham, Cohen, et al., 2019). Still, unlike in-situ observations and satel-
lite data, reanalysis provide the means to study spatiotemporal variability over several
decades at a high spatial and temporal resolution. Moreover, ERA5 has been found to
perform better than other reanalyses in the Fram Strait region (Graham, Hudson, & Ma-
turilli; 2019). ERA5 has a horizontal resolution of 0.25° and is produced by the Euro-
pean Centre for Medium-range Weather Forecasts (ECMWF') within the Copernicus Cli-
mate Change Service. Data are available on an hourly time step and includes single level
variables as well as data on 137 model levels or 37 pressure levels from 1000 hPa to 1
hPa.

CARRA was produced to reduce the above mentioned biases, mainly through en-
hanced treatment of cold surfaces (Yang et al., 2020), using a high horizontal resolution
and assimilating more local observations (Kgltzow et al., 2022). In a first evaluation, fo-
cusing on 2 m air temperature and WS10, Koltzow et al. (2022) found that CARRA in-
deed agrees better than ERA5 with observations. CARRA spans 1991-near present, has
a horizontal resolution of 2.5 km and provides 3-hourly data for single levels as well as
23 pressure levels from 1000 hPa to 10 hPa. It is based on the HARMONIE-AROME
numerical weather prediction system cycle 40h1.1 and receives its boundary conditions
from ERAS5 (Bengtsson et al., 2017; Koltzow et al., 2022). Data are provided for two re-
gions in the North Atlantic Arctic. We use data from the western domain, which encom-
passes Greenland, Iceland and Svalbard. Details on how the heat fluxes were calculated
in the reanalyses are given in the ECMWF documentation (ECMWF, 2016).

3 Methods
3.1 MCAOQO index

For each reanalysis, we calculated a daily (3-hourly for the case studies) MCAO
index for the ice-free fraction of Fram Strait (defined here as 10°W-10°E, 75°N-81°N, see
box in Figure 3 h), using the difference between potential skin temperature and poten-
tial temperature at the 850 hPa level as a proxy for MCAOs, following e.g. Dahlke et
al. (2022). The MCAO index for each reanalysis was calculated at every horizontal grid-
point and timestep as

MCAO;q, = 05 — 50

where 0, and fg5q are the daily mean potential skin temperature and the daily mean po-
tential temperature at 850 hPa, respectively. Thereafter, grid cells with sea ice concen-
tration (SIC) > 15% were excluded before calculating the mean over Fram Strait. Where
spatially averaged WS10 and heat fluxes were analyzed together with the MCAO index,
these were averaged over the same grid points for comparability.

3.2 Statistical methods and data treatment

We analyzed data for the extended winter (November-March), from 1991 to 2020,
for the Svalbard and Fram Strait region (10°W-28°E, 75°N-83°N). We used linear regres-
sion for computing trends over time and relationships between variables, and Pearson’s
R for correlation, in both cases with 95% as confidence level. In addition, we calculated
the Root Mean Squared Error (RMSE) between the heat fluxes in CARRA and ERA5
and normalized it by the interquartile range of the heat flux in CARRA over ocean, the
MIZ, and sea ice, respectively. Following the recommendation in the user guide, the spin-
up period (first 6 hours of each run) was removed from the CARRA heat fluxes (Nielsen,
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K. P. and Yang, X. and Agersten, S. and Dahlgren, P. and @degaard Kgltzow, M. A. and
Schyberg, H. and Stgylen, E. and Bojarova, J., 2022). Throughout this paper, positive
values denote a heat flux from the surface to the atmosphere. We define ice-free ocean
as SIC < 15%, MIZ as SIC = 15-80%, and sea ice as SIC > 80% (Strong et al., 2017).
Before investigating the respective influences of the MCAO index and the 10 m wind
speed (WS10) by correlating each of them with the heat fluxes, the correlation between
the two predictors was removed. This was achieved by computing the regression slope
b for the MCAO index vs WS10 and thereafter subtracting b x WS10 from the MCAO
index, and vice versa. Moreover, we performed linear regression between each of the two
predictors and the heat fluxes and multiplied the regression coefficient with the standard
deviation of each predictor to make their influences comparable. When averaging WS10
over time, we calculated scalar averages (the wind speed was calculated from the u and
v components before averaging over time) except for the wind arrows. Instead, the length
of the wind arrows correspond to the vector average wind speed (the u and v components
were averaged over time and the wind speed computed from these averages), since wind
direction also must be taken into consideration when drawing the arrows.

3.3 MCAO threshold and composite analysis

MCAQOs are often classified using one or several threshold values of the 8g-0g5¢ dif-
ference. Since the Fram Strait region is prone to intense (6g-0s50 > 8 K) MCAOs (Papritz
& Spengler, 2017), we chose 8 K. This threshold corresponds to the 81st (83rd) percentile
in CARRA (ERAS5), and ensures that a sufficient number of observations (at least 96 (91)
in CARRA (ERA5)) are included in the composite for each month. Applying other thresh-
olds yielded qualitatively similar results, indicating that the results are not particularly
sensitive to the choice of threshold. Composites showing the mean conditions were com-
puted as the mean of a meteorological variable = for all days in month m. Similarly, the
MCAO composites are the mean of x for all days in month m with the MCAO index >
8 K. The monthly composites were then averaged to produce a mean for the entire ex-
tended winter, and the MCAO anomalies were computed from these averaged compos-
ites as Ty c A0 —Tmean- Composites were computed for surface variables as well as the
atmospheric cross sections described below.

3.4 Atmospheric cross sections

To investigate the vertical structure of the troposphere during MCAOQOs, we extracted
one cross section at 6°E from 75°N to 83°N, and one at 79°N from 10°W to 26°E. The
former exclusively covers sea ice and ocean, while the latter also encompasses Svalbard
land regions, including Ny-Alesund, the radiosonde launch site for the case studies. Data
on pressure levels with higher pressure than the surface were removed to avoid present-
ing data for non-existing pressure levels. To analyze the CARRA-ERAS differences, we
linearly interpolated the cross sections to the same axes using the nearest two grid points
and subtracted the ERA5 data from the CARRA data. Since CARRA (ERA5) has a
lower vertical (horizontal) resolution, the CARRA cross sections were interpolated to the

vertical levels of ERA5, and the ERA5 cross sections to the horizontal coordinates of CARRA.

4 Fram Strait heat fluxes in CARRA and ERA5

We compute the correlation between the daily Fram Strait MCAQO indices from CARRA

and ERA5 and find significant correlations with the coefficient R >0.99 in each of the
investigated months. The CARRA MCAO index has a higher mean (2.8 K) than ERA5
(2.5 K), with bigger differences in the first half of the period, as visible in the monthly
mean time series (Figure A1l). The daily mean heat fluxes (averaged over ice-free Fram
Strait) are significantly correlated, with R >0.98 and R >0.99 for SSHF and SLHF, re-
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spectively. However, as we will see in the following sections, there is substantial disagree-
ment between the two reanalyses regarding the magnitude of the heat fluxes.

ERASJ5 has previously been evaluated against a meteorological buoy in the Iceland
Sea (Renfrew et al., 2021). While its performance was better there than in the MIZ, ERA5
overestimated the SLHF and slightly underestimated the SSHF, although the bias was
not statistically significant for the latter (see Figure 3 e-f and Table 2 in Renfrew et al.
(2021). More broadly, ERA5 has also been found to overestimate the SLHF over the global
land surface (Martens et al., 2020). The differences between the two reanalyses could there-
fore result from improvements in CARRA, since it tends to have larger SSHF and smaller
SLHF than ERAS5, as indicated by Figure 1. In this case, the largest differences should
perhaps be found over the MIZ, where ERA5 performs poorly (Renfrew et al., 2021), or
over sea ice, since CARRA uses a more sophisticated representation of sea ice and snow
on sea ice. In addition, CARRA has previously been found to show large differences (in
2 m air temperature) from ERAS over sea ice in winter (Kgltzow et al., 2022). To as-
sess the size of the CARRA-ERAS5 differences in relation to the magnitude of the heat
flux over each surface type, we calculate the normalized RMSE (see Section 3). For SSHF,
we find normalized RMSEs of 0.30 Wm™2 over the ocean as well as the MIZ. Over sea
ice, the disagreement is more than twice as high (0.69 Wm~2). The corresponding num-
bers for SLHF are 0.28 Wm™2 over ocean, 0.50 Wm~2 over the MIZ, and 2.11 Wm™?
over sea ice. Thus, while the largest absolute differences between CARRA and ERA5
are found in SSHF over the ocean, the normalized difference is largest over ice, and is
particularly large for SLHF. Although evaluation against independent observations are
needed to confirm it, this indicates that heat flux biases over sea ice may indeed be re-
duced in CARRA.

4.1 The relative influences of wind speed and the MCAOQO index

MCAOs can extract heat and moisture from the ocean by introducing large surface-
atmosphere differences in temperature and humidity. In addition to these vertical gra-
dients, the heat fluxes are affected by wind speed. In the following, we investigate the
relative influences of the MCAOQO index and WS10 on the heat fluxes in ice-free Fram Strait.
Since the wind speed is often higher than average during strong MCAQOs (E. Kolstad,
2017), the WS10 and the MCAO index may not be independent from each other. There-
fore, we removed the correlation between these two predictors before correlating each of
them with the heat fluxes (see Section 3 for details).

As evident from Figure 2, the relationship between WS10 and the fluxes is highly
dependent on the MCAO index in both reanalyses. While virtually no relationship is ap-
parent during negative MCAO index, higher values correspond to increasingly stronger
WS10-flux relationship. The largest heat fluxes are found when both the WS10 and the
MCAO index are high, i.e. when high wind speeds occur along with unstable stratifi-
cation. For both fluxes, the correlation with WS10 is lower than the correlation with the
MCAO index, which shows explained variances (R?) of at least 0.5 in both reanalyses,
indicating that at least 50% of the variability in the heat fluxes can be explained by the
MCAO index (Table 1). Comparing the normalized regression coefficients, we find that
the variations in the MCAO index correspond to a larger amount of change in the fluxes
than the variations in WS10. This is in line with Taylor et al. (2018), who tested the sen-
sitivities of satellite-derived heat fluxes to wind speed and the vertical temperature and
humidity gradients between the surface and the atmosphere. They found that SSHF (SLHF)
is dominated by the vertical temperature (humidity) gradient, while wind speed plays
a smaller role. However, Figure 2 demonstrates that WS10 has a substantial impact in
the case of strong MCAOQO events, during which fluxes concurring with high wind speed
are typically at least twice as high as when the wind speed is low.

As for the CARRA-ERAS5 differences, the higher SSHF in CARRA may partly be
related to the somewhat higher MCAO index (Figure Al). In addition, the maximum
WSI10 is higher in CARRA (Figure 2 e), which has previously been found to outperform
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ERAS5 in the representation of wind speed (Kgltzow et al., 2022). It is thus possible that
improved WS10 along with higher MCAOQO index values contributes to the higher SSHF
in CARRA. However, higher SSHF can be seen also for a given WS10 and MCAO class,
indicating that the magnitude of the influence of each predictor also plays a role. Com-
paring the normalized regression coefficients, we find that both WS10 and the MCAO
index correspond to a larger SSHF change in CARRA than in ERA5 (Table 1). The higher
SSHF in CARRA can thereby be explained as the combined result of higher MCAO in-
dex, higher wind speed, and a stronger response of the SSHF to both of these. For SLHF
in contrast, both predictors are associated with a larger change in ERA5. In addition,
the surface-atmosphere humidity gradient, which was not investigated here, may differ
between the reanalyses.

Table 1. Coefficients from correlations (R) and regressions (b) of the daily Marine Cold Air
Outbreak (MCAO) index and 10 m wind speed (WS10), respectively, with the surface fluxes.
Shown is also the normalized regression coefficients (b multiplied with the standard deviation
of each predictor; STDas for MCAO and STDw for WS10). Values for CARRA are followed by
values for ERA5 in brackets. All correlations and regressions are statistically significant at the
95% level.

Variables R R? b [Wm 2K ] bSTD,; [Wm™2]
MCAO vs SSHF  0.72 (0.77) 0.51 (0.59) 18 (15) 97 (78)
MCAO vs SLHF 071 (0.72) 0.50 (0.52) 6 (7) 33 (39)
Variables R R? b [Wm=2(ms~!)"!] bSTDy [Wm?]
WS10 vs SSHE 040 (0.33) 0.16 (0.11) 20 (14) 63 (44)
WS10 vs SLHF  0.48 (0.45) 0.23 (0.20) 8 (9) 24 (27)

5 Spatial patterns
5.1 Heat flux trends in conjunction with MCAO and sea ice changes

To better understand how the heat fluxes may change in response to MCAO changes,
we examine the spatial patterns of the trends in monthly mean heat fluxes and 0g-0g59
(spatially averaged trends for ice-free Fram Strait are displayed in Figure Al). Since the
fluxes are heavily impacted by sea ice distribution (Taylor et al., 2018), we also include
the SIC trends. ERA5 and CARRA mainly shows similar patterns so ERAS is excluded
from the following discussion, but its trends are displayed in Figure A2. Since the di-
rection of some of the trends change between months, we do not average over the extended
winter. Instead, we choose January and March, which show opposing trends in the 0g-
Os50 difference as well as the heat fluxes. While March is the only month for which pos-
itive flux and 6g-0g5¢ trends are found in Fram Strait, the trend patterns in January re-
semble those found in November, December and February, but are more pronounced and
exhibit significance over a wider area.

Negative 0g-0s50 and heat flux trends prevail in Fram Strait in January (Figure 3
a~c). The negative 6g-0g50 trends are a result of the fg50 rising faster than the 65 (not
shown). Meanwhile, pronounced positive trends are seen north, east and south of Sval-
bard, corresponding to areas of declining sea ice (Figure 3 d). Arctic heat flux trends
have been investigated by Boisvert et al. (2022), who computed satellite-derived winter
trends for the 2002-2020 period. While not directly comparable due to the different pe-
riods and averaging, it can be noted that they found negative trends in southeastern Fram
Strait and near-zero or weakly positive trends over the sea ice (see their Figure 3 g &

h). Their negative heat flux trends are considerably weaker and there appears to be a
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stronger tendency towards positive trends, at least in the SSHF over the sea ice and along
the west coast of Svalbard.

March exhibits positive 6g-6g50 and heat flux trends around Svalbard, mirroring
the negative trends in SIC (Figure 3 e-h). As noted above, the 6g-6s50 and heat flux trends
in the ice-free Fram Strait are also positive, although statistical significance is largely
lacking, especially for SSHF. The spatial pattern of the SLHF trend closely resembles
that of #g-0s50, indicating that the latter may shape the spatial distribution of the SLHF
trends. The 0g-0g5¢ trends, in turn, are not just the result of increasing 65 but also of
decreasing 0g5¢ (not shown), consistent with the circulation change promoting norther-
lies in March, as noted by Dahlke et al. (2022). A negative temperature trend around
the height of the 850 hPa level in March is also seen in the homogenized radiosonde record
from Ny-Alesund (Maturilli & Kayser, 2017). South of the climatological ice edge, the
SIC is zero throughout the period in most of Fram Strait. However, negative SIC trends
in the south-westernmost part of the study area and along the Svalbard west coast likely
contribute to the positive #g-0s59 and heat flux trends in these regions.

5.2 Surface meteorology during MCAOs

We investigate the heat fluxes, WS10, 10 m wind direction, and 6g-6g5¢ as com-
posites for the extended winter mean and MCAO anomalies (MCAO-mean) in Figure
4. For brevity, only CARRA is discussed here, but a corresponding figure for ERAS5 is
provided in the supplement (Figure A3). The mean SSHF in CARRA is largest in the
northernmost part of the ice-free Fram Strait, where it approaches 250 W m~2, and near
zero or negative over the sea ice and Svalbard (Figure 4 a). The spatial pattern can be
explained by a combination of the distributions of 0g-0g50 and WS10 (Figure 4 ¢ and d):
High SSHF extend from the ice edge in the north along the eastern side of Fram Strait
(where 0g-0g5¢ is relatively high) as well as the western (where WS10 is relatively high).
Positive SSHF is also present in the Whalers Bay Polynya region north of Svalbard, likely
reflecting areas of relatively small SIC (not shown) and a local maximum in WS10. In
contrast, the low SSHF over the sea ice and Svalbard corresponds to negative 6g-6gs50
and low WS10. The MCAO anomalies in SSHF are of similar magnitude as the mean
SSHF, and exhibit their largest values in the northwestern part of ice-free Fram Strait,
which is also where the anomalies in 6g-6s50 and WS10 are the largest (Figure 4 e, g and
h).

The mean SLHF is near zero or weakly negative over the sea ice and Svalbard. In
ice-free Fram Strait, it reaches up to 110 W m~2 in the east and decreases westward, some-
what resembling the sea surface temperature (SST), with high values along the warm
West Spitsbergen Current (Figure 4 b and contour lines in ¢). We speculate that the ap-
parent dependence of SLHF on SST may be related to higher near-surface temperatures
over warm ocean raising the saturation water vapor pressure and thereby promoting large
SLHF, as described in Hartmann et al. (1997). Similar to SSHF, the MCAO anomalies
in SLHF, which reach up to almost 60 W m~2, are centered in the northwestern part
of ice-free Fram Strait, where the anomalies in 8g-0s50 and WS10 are large (Figure 4 f).

The mean 0g-0g50 reflects the distribution of sea ice, land, and SST variability (Fig-
ure 4 ¢). The MCAO anomalies in 0g-0g59 are strongest in the western part of ice-free
Fram Strait, where cold air is advected over the ice edge (Figure 4 g). In this region, the
temperature at 850 hPa is 8 K lower than during mean conditions while the skin tem-
perature hardly exhibits any anomalies (not shown), demonstrating that the large -
Os50 difference during MCAOs results from changes in air temperature rather than sur-
face temperature. This is in line with E. W. Kolstad et al. (2009), who found that at-
mospheric temperature variations are more important than SST variations for MCAO
variability in the northern North Atlantic. The SST anomalies are weak and predom-
inantly negative, with the largest negative values along the West Spitsbergen current and
in the Whalers Bay Polynya region. The prevalence of negative SST anomalies during
MCAUO s is perhaps surprising, since lower temperature at the surface acts to decrease
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the vertical temperature gradient. Moreover, a positive relation between SST and Bar-
ents Sea MCAOs was found in Polkova et al. (2021). However, the relation with the SST
may differ between regions and MCAO strengths. The negative SST anomalies in Fig-
ure 4 g likely result from positive SIC anomalies (not shown) and from the MCAO air
masses cooling the ocean surface.

MCAO anomalies of up to 5.5 m s~! are seen in the wind speed, while the wind
direction is more northwesterly than during mean conditions (Figure 4 h). Smaller re-
gions of negative WS10 anomalies are seen in the westernmost part of the study area and
over parts of Svalbard. It is likely that the negative WS10 anomalies in the former re-
gion arise due to high pressure over Greenland, which is associated with the larger-scale
pressure pattern that is typical for Fram Strait MCAOs (Dahlke et al., 2022). The neg-
ative WS10 anomalies over Svalbard may result from topography, as the wind direction
near the surface is altered in regions that are sheltered from the synoptic flow by topo-
graphic barriers. In conclusion, the typical MCAO fingerprint in this region includes anoma-
lously strong and northwesterly 10 m winds, acting together with the large 0g-0s5¢ dif-
ference to produce high heat fluxes. The 0g-0s50 and heat flux anomalies are particu-
larly strong in the northwestern part of ice-free Fram Strait, where the cold air masses
are being advected over the ice edge.

5.3 Atmospheric conditions during MCAOs

To explore the vertical characteristics of MCAOs, we analyze CARRA and CARRA-
ERAS5 cross sections at 6°E and 79°N (lines in Figure 3 h). CARRA is shown from the
surface to 300 hPa (approximately the height of the tropopause), while levels above 600
hPa are omitted in the difference plots to better demonstrate near-surface patterns (dif-
ferences at higher levels are small and mainly concentrated at pressure levels that are
absent in CARRA and therefore contains interpolated data). Non-negligible differences
in wind speed and direction are confined to small regions that are not well represented
by wind barbs, which are also omitted in the difference plots.

In the lower layers, the extended winter mean temperature along the cross section
at 6°F ranges from 273 K over the ocean in the south to 252 K above the sea ice in the
north, where a temperature inversion is present (Figure 5 a). In the upper layers, the
influence of the surface is weaker and the latitudinal temperature difference smaller. The
humidity distribution resembles the temperature distribution, with the highest values
(2 g kg™!) near the surface in the south. From 700 hPa and aloft, westerly winds pre-
vail, while the lower atmosphere is dominated by northeasterly winds. The largest CARRA-
ERAS5 temperature difference is found in a shallow layer above the sea ice north of 80°N,
where ERAS is almost 0.8 K warmer and has up to 0.07 g kg~! higher specific humid-
ity (Figure 5 b). The magnitude of the temperature difference is similar to Kgltzow et
al. (2022), who found an absolute difference between CARRA and ERAS of 0.5-1 K over
the sea ice north of Svalbard. The lower temperature in CARRA is a promising sign that
the temperature overestimation in ERA5 over sea ice (Batrak & Miiller, 2019; Wang et
al., 2019) may be reduced in CARRA. Just above the surface layer, ERA5 is instead some-
what colder than CARRA, especially in the vicinity of the ice edge, where the difference
reaches 0.5 K.

During MCAO conditions, the wind shows anomalies with a northerly component
throughout the troposphere (Figure 5 ¢). The temperature and humidity is decreased
everywhere, but the distributions of their anomalies differ. For specific humidity, the MCAO
conditions manifest most strongly above the ice-free ocean in the south, where the anoma-
lies exceeds -1 g kg~!. At higher altitudes and over the sea ice, the anomalies are smaller
since these regions are relatively dry in the mean conditions as well. The temperature
anomalies are largest near the ice edge, reaching -9 K in CARRA. Over the ocean, the
altitude of the strongest anomalies increases with the distance from the ice edge. This
can be explained by the progressive warming of the air by the heat fluxes, transform-
ing the air mass and eventually destroying the MCAQ. North of the ice edge, the anomaly
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decreases with increasing latitude, since the air over the ice is relatively cold also in the
mean state. The temperature is higher in CARRA than in ERA5 throughout most of
the cross section, but the warmer layer in ERA5 over the sea ice is still present (Figure
5 d). Around 850 hPa, over the ice edge, the temperature is 0.5 K higher in CARRA,
but the specific humidity somewhat lower (0.05 g kg=!). At the 975 hPa level, which is
absent in CARRA, the CARRA-ERAS difference reaches 0.06 g kg—!, indicating that
the representation of near-surface humidity is impacted by the exclusion of the 975 hPa
level in CARRA.

Along the cross section at 79°N, the extended winter mean temperature in CARRA
is highest (265.5 K) over the ice-free ocean and lowest (254.5 K) over the sea ice in the
west (Figure 6 a). The specific humidity distribution follows the same pattern, and has
its maximum (1.6 g kg=!) over the ice-free ocean. The largest CARRA-ERA5 difference
is seen over the land surface of Svalbard, where the temperature (specific humidity) is
up to 4.5 K (0.4 g kg~1) higher in CARRA (Figure 6 b). For comparison, Kgltzow et
al. (2022) found that ERA5 underestimates the (2 m) temperature over Svalbard with
biases of around -1.5 K in winter, while CARRA shows a much smaller overestimation.

Strong MCAO anomalies in temperature are found in two distinct regions (Figure
6 ¢). One of these is situated near the ice edge close to 0°E, where anomalies reaching
-8 K are centered around the 900-950 hPa altitude. The strongest anomalies, however,
reach -10 K in CARRA and are found close to the land surface of Svalbard. This is also
where the CARRA-ERAS5 differences are the largest, with ERAS displaying anomalies
that are up to 2.8 K colder (Figure 6 d). While ERAS5 is generally colder, the strength
and even the sign of the differences changes between individual grid cells over the topog-
raphy of Svalbard, indicating that the difference between the reanalyses is impacted by
the lower horizontal resolution of ERA5. The largest MCAO anomalies in humidity (around
-1 g kg=! in CARRA) are found over ice-free ocean in Fram Strait. In the lower levels,
the near surface specific humidity is higher in CARRA, especially over the sea ice east
of Svalbard. Around 900 hPa, where large MCAO anomalies in temperature are found,
the specific humidity is instead lower in CARRA.

6 A comparison of two MCAO cases

We identify two MCAQs cases, which are very different in terms of the temporal
evolution and duration of the MCAO and its effects on atmospheric anomalies and heat
flux variability. These cases coincide with extra radiosonde launches from Ny-Alesund,
allowing for a detailed examination of the vertical extent. The first case includes the high-
est value found in our daily mean MCAO indices (19.9 K in CARRA, 18.5 K in ERA5),
while the second case exemplifies a slightly weaker but more prolonged case, during which
the heat flux variability appears to be dominated by WS10.

6.1 January 2007

The first case takes place 25-28 January 2007 and displays a rapid increase in the
3-hourly MCAO indices from about 5 K to 20 K during the first day of the event, fol-
lowed by a roughly linear decline over the next few days (Figure 7). The MCAO indices
and SSHF peak on the 26th, which is also when the SSHF difference is the largest, with
CARRA exceeding 1000 Wm~2 and ERAS reaching just over 600 Wm~2. The SLHF,
also peaking around the 26th, is similar in both datasets and exhibits a much smaller
range, with pre-event values similar to those of SSHF but peak values barely reaching
300 Wm~2. The WS10 is highest (18 ms™!) on the 25th, and tends to be somewhat higher
in CARRA.

To extract MCAO anomalies in temperature, wind and specific humidity, the daily
mean conditions on the 24th were subtracted from the daily mean conditions on the 26th.
The resulting MCAO anomalies are shown for the cross sections at 6°E and 79°N, for CARRA
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(Figure 8 a-b) and ERA5 (Figure 8 c-d). The corresponding anomalies in the heat fluxes
and wind at 10 m are shown in Figure 8 e-h.

The most pronounced cold anomalies exceed 24 K in both reanalyses, although the
areas of strong cooling are larger in CARRA. Along the cross section at 6°E, the strongest
cold anomalies are found over the ocean around 600-750 hPa. Over ice, the anomalies
are somewhat more confined to the surface layers, consistent with Figures 5 and 6. At
79°N however, the cold anomalies over the sea ice in western Fram Strait display a sim-
ilar detachment from the near surface layers, with the maximum cooling centered on 750
hPa.

For specific humidity, the largest anomalies reach -2.6 g kg=! in CARRA (-2 g kg™!
in ERA5) and are found over the ocean in the southern part of the 6°E cross section. Along
79°N, the largest humidity anomalies are found near Svalbard and, particularly in ERA5,
over the Fram Strait.

The wind anomalies at 10 meters are mainly northwesterly over the sea ice and cen-
tral Fram Strait (Figure 8 e-h). In the vertical, wind anomalies below 600 hPa are mainly
northerly, while anomalies with easterly components are found in the upper layers (Fig-
ure 8 a-d). The wind speed anomalies are generally below 2.6 m s~!, but anomalies ex-
ceeding 15 m s~! are found over the ice in the north and west at around 800-900 hPa.
There is a tendency towards stronger wind speed anomalies in CARRA, for instance over
Svalbard.

The SSHF anomalies, which reach 1400 (640) Wm~2 in CARRA (ERAS5), are largest
along the ice edge in Fram Strait and weakens gradually towards southeast (Figure 8 e
& g). The strong anomalies near the ice edge are also evident in the cross sections, where
SSHF near the ice edge reaches well over 1000 Wm~2 in CARRA and around 600 in ERA5
(Figure 8 a-d).

For the SLHF, there is a clear difference between the two reanalyses in the spatial
distribution of the anomalies (Figure 8 f & h). While CARRA displays SLHF anoma-
lies that are largest (Wm™2) in northwestern Fram Strait and decrease with distance from
the ice edge, ERA5 shows its largest SLHF anomaly (230 Wm~?2) in southern Fram Strait.
This difference can also be seen along the north-south cross section, where the SLHF in
ERAD5, unlike CARRA, increases towards the south (Figure 8 a & c). Theoretically, SLHF
that increases with distance from the ice edge could be explained by a gradual increase
in near-surface temperature, as seen in (Hartmann et al., 1997). Higher temperature fur-
ther away from the ice edge would act to raise the saturation water vapor pressure and
thereby the SLHF, while dampening the SSHF by reducing the vertical temperature gra-
dient. The southwards increase in the SLHF may therefore potentially be related to the
gradual southwards temperature increase south of 79°N, which is seen in the low level
temperatures of ERA5 (Figure 8 ¢) but not CARRA (Figure 8 a).

6.2 March 2020

In the March 2020 case, the MCAO index remains above 8 K from 8th to 20th March
2020 (Figure 9). The MCAO indices as well as the fluxes oscillate between higher and
lower values during the event, but there is no obvious agreement between their fluctu-
ations. The WS10 in contrast shows a clear co-variability with the fluxes in both reanal-
yses, suggesting that it dominates their variability during the event. This agrees with
our findings in Section 4.1, demonstrating that WS10 is strongly related to the fluxes
during MCAOs.

For the March case, the daily mean conditions on the 12th was subtracted from
the daily mean conditions on the 5th to produce the MCAQO anomalies (Figure 10. Roughly
northerly wind anomalies are present throughout the troposphere along with cold anoma-
lies, which are mainly found near the surface over land and ice, and at 700-800 hPa over
the ocean. However, the strongest temperature anomalies are weaker and more confined
to the surface than in the January case, perhaps due to the weaker MCAO index anomaly.
Over Svalbard, ERA5 displays temperature anomalies of -25 K, which is almost 5 K colder
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than in CARRA. The strongest specific humidity anomalies are found near the ice edges,
i.e. around 79°N in the north-south cross section and 5°E in the east-west cross section,
and reach to around -2.5 g kg~! in both reanalyses. In CARRA, the region of more pro-
nounced humidity anomalies is somewhat more extended towards Svalbard. In contrast

to ERA5, CARRA also shows positive humidity anomalies, but these are confined to small
regions over the ice in the north and west. The heat flux anomalies are smaller than dur-
ing the January case, consistent with the weaker MCAOQO. From the largest values near

the ice edge, the heat flux anomalies decrease toward the southeast, likely influenced by
the westerly and northwesterly anomalies in the 10 m wind.

6.3 Temporal evolution at a fixed location

As seen in the cross sections, the temperature above Svalbard is heavily impacted
by MCAOs. Therefore, we utilize radiosonde-data from Ny-Alesund to provide a detailed
record of the temporal evolution of the troposphere during the two MCAO cases (Fig-
ure 11). Ny-Alesund is located at the southern coast of the Kongsfjord, surrounded by
mountains and glaciers, so the lowermost part of the vertical column encounters local
orographic effects. With their vertical resolution of ca 5 m (here interpolated to fixed
10 m steps), the radiosonde data can resolve fine structures that are not captured by the
reanalyses.

During the January event, the temporal evolution of temperature and humidity in
Ny-Alesund closely matches that of the MCAO index. At the 24th-25th of January, just
prior to the onset of the case, Ny-Alesund experienced near-surface temperatures of around
270 K along with southwesterly winds in the lowest kilometers, and quite strong (18 ms™1!)
northwesterly winds in the higher troposphere (Figure 11 a). Relatively strong northerly
winds are seen through most of the troposphere during the MCAQO index peak and on
the subsequent day, but thereafter the wind speed declines, as typical according to E. Kol-
stad (2017). In the lowest 5 km, the coldest conditions are recorded by the 12:00 launch
on the 26th, i.e. during the MCAOQO peak, when the temperature is 249 K near the sur-
face. At this time, several temperature inversions are present. The most pronounced is
situated at approximately 5 km height, where the temperature increases 3 K over a cou-
ple of hundred meters. In similarity to the temperature, the specific humidity exhibits
its highest values on the 25th (Figure 11 c¢). The driest air is found during the MCAO
peak, when the specific humidity is below 0.3 g kg! throughout the column. During the
subsequent days, the humidity in the lowest kilometer increases to about 1.6 g kg', while
the humidity variations above 2 kilometers are smaller than 0.5 g kg!.

As already indicated by Figure 9, the March case is characterized by day-day fluc-
tuations in atmospheric variables (Figure 11 b and d). Northerly winds are quite preva-
lent, especially in the lower layers. The strongest northerly winds are seen following the
highest MCAO index peak on 12th and the second highest peak on the 16th. The tem-
perature and humidity structures are quite complex, but around the time of these peaks,
relatively dry and cool conditions prevail in the lowest 5 kilometers. Southwesterly and
westerly winds occur, mainly around the onset and the decay of the event, as well as on
the 15th. Around the 15th, the temperature and specific humidity in the lower layers
also exhibit small peaks, with values around 255 K and 0.8 g kg', respectively. Hence,
it appears that the westerly winds brought slightly warmer and moister air, despite the
MCAO index showing values of 12-13 K, which is classified as a strong to very strong
MCAQO event according to Papritz and Spengler (2017). Similar to the January case, the
near-surface temperature is more than 20 K colder during the MCAO peak than just be-
fore the event.

7 Summary and conclusions

We investigated Marine Cold Air Outbreaks (MCAOs) and turbulent surface heat
fluxes in Svalbard and Fram Strait using reanalysis data from ERA5 and CARRA, span-
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ning November-March 1991-2020. For each reanalysis, we calculated an MCAQO index

based on the potential temperature difference between the surface and 850 hPa (0s-0g50).

In addition to a statistical analysis of the atmospheric characteristics associated with MCAOQOs
and their effects on the heat fluxes, we investigated two separate cases using the reanal-

ysis data and radiosonde data from Ny-Alesund, Svalbard.

We found that the surface sensible heat flux (SSHF) is substantially higher in CARRA
than in ERAB, while the surface latent heat flux (SLHF) is somewhat lower. This may
indicate that the overestimation (underestimation) of SLHF (SSHF) in ERAS that has
been noted in previous studies is reduced in CARRA, but studies using observation data
are needed to confirm this. For SSHF, the difference between ERA5 and CARRA scale
with the magnitude of the heat flux, leading to larger differences over ice-free ocean where
SSHF is large. When normalizing the differences with the magnitude, the largest differ-
ence is found over sea ice, and is three times larger for SLHF than for SSHF. The heat
fluxes in both reanalyses show a stronger relation to the MCAQO index than WS10, but
the latter plays a substantial role for the heat flux variability when the MCAO index is
high.

Spatial patterns in the monthly heat flux trends largely mirror the trends in 0g-
fs50- Around most of Svalbard, these trends are positive and reflect declining sea ice.

In Fram Strait however, widespread areas of negative trends in the heat fluxes in Jan-
uary are co-located with negative trends in 6g-6g59, brought about by a larger increase
of the potential temperature at 850 hPa than at the surface. In Fram Strait in March,
positive 0g-0g50 trends, in turn related to a decrease in the potential temperature at 850
hPa, are to some extent reflected in the positive heat flux trends.

During MCAOs, positive heat flux anomalies are especially pronounced in north-
ern Fram Strait near the ice edge towards the north and west, where the anomalies in
0s-0s50 and wind speed are the largest. In this region, the sensible heat flux in CARRA
is roughly doubled during MCAOs, when the flux is 250 W m ™2 higher than in the ex-
tended winter mean. The latent heat flux shows a more moderate increase of 60 W m™2.
Cold and dry anomalies are present throughout the troposphere. The specific humidity
anomalies tend to be strongest over the ice-free ocean in southern Fram Strait, while the
strongest temperature anomalies are found in the vicinity of the ice edge and close to
the land surface of Svalbard. In the latter region, the average anomalies during strong
MCAOs reach -10 K (-11.5 K) in CARRA (ERA5), while anomalies during individual
cases can be more than twice as large. Over ice-free ocean, where the heat fluxes warm
the air from below, the strongest temperature anomalies are typically found around 850
hPa rather than at the surface. Although CARRA is warmer than ERA5 in much of the
lower troposphere during mean conditions as well as MCAQOs, ERAS5 is around 0.5 K warmer
over the sea ice. In both our MCAO case studies, the near-surface temperature in Ny-
Alesund drops over 20 K from just before the event to the peak in the MCAO index, demon-
strating that Svalbard can be heavily impacted by MCAQOs. The temperature, humid-
ity and winds are quite variable throughout the troposphere in this topographically com-
plex setting, but cold and dry conditions coincide with the MCAOQO index peaks.

Appendix A Supplementary figures
Appendix B Open Research

CARRA (Schyberg et al., 2020) data were downloaded from the Copernicus Cli-
mate Change Service (C3S) Climate Data Store (CDS). ERA5 (Hersbach et al., 2018,
2017, 2020) data were downloaded from CDS and the MARS catalog. The results con-
tain modified Copernicus Climate Change Service information 2022. Neither the Euro-
pean Commission nor ECMWF is responsible for any use that may be made of the Coper-
nicus information or data it contains. The radiosonde data (Maturilli, 2008, 2020) are
available from the PANGEA database.
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Figure 1. Daily mean CARRA vs ERAS surface heat fluxes in the Fram Strait, November-
March 1991-2020. Points over ice-free ocean (dark crosses), the Marginal Ice Zone (MIZ;
blue dots) and sea ice (bright stars) are shown for surface sensible heat flux (SSHF; a)
and surface latent heat flux (SLHF; b).

Figure 2. Daily mean 10 m wind speed (WS10) and surface heat fluxes for differ-
ent Marine Cold Air Outbreak (MCAO) index strengths (color-coded), for surface sen-
sible heat flux (SSHF; a & c) and surface latent heat flux (SLHF; b & d) from CARRA
(a & b) and ERA5 (¢ & d). WS10 in CARRA and ERA5 is shown in (e) as boxplots (where
the black line in each box marks the median, the bottom (top) marks the 25th (75th)
percentile and the whiskers extend to the most extreme value not considered an outlier,
with outliers plotted as circles and defined as values > 1.5 times the interquartile range
outside the box).

Figure 3. Monthly mean trends in CARRA over the 1991-2020 period, for January
(top row) and March (bottom row), for the surface-atmosphere potential temperature
difference (6s-0s50; a & e), surface sensible heat flux (SSHF; b & f), surface latent heat
flux (SLHF; ¢ & g) and sea ice concentration (SIC; d & h). Dotting denotes regions where
the trend is not statistically significant. In subplot (h), the black box shows the extent
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of the Fram Strait for which the Marine Cold Air Outbreak (MCAO) index was calcu-
lated, the red cross shows the location of the radiosonde launch site in Ny-Alesund, and
the two black lines show the cross sections at 6°E and 79°N, respectively.

Figure 4. CARRA surface fluxes, surface-atmosphere potential temperature dif-
ference (0s-0ss50), sea surface temperature (SST) and 10 m wind, for November-March
1991-2020. Mean conditions (left column) and Marine Cold Air Outbreak (MCAOQO) anoma-
lies (right column) are shown for surface sensible heat flux (SSHF; a & e), surface latent
heat flux (SLHF; b & f), 05-0s50 (¢ & g), SST (contour lines in ¢ & g), and 10 m wind
speed and direction (d & h; the colors show the scalar average speed, the arrows show
direction and vector average speed).

Figure 5. Cross sections at 6°E (vertical line in Figure 3 h), from the surface to 300
hPa, showing temperature (colors), specific humidity (contour lines) and wind (barbs),
for November-March 1991-2020. Mean conditions are shown in the left column and Ma-
rine Cold Air Outbreak (MCAQ) anomalies are shown in the right column, for CARRA
(top) and CARRA-ERAS5 (bottom). Vertical lines (in a-b) denote transitions between
regions dominated by sea ice or ocean (ICE and SEA, respectively), for mean conditions
(solid) and MCAO conditions (dashed).

Figure 6. Cross sections at 79°N (horizontal line in Figure 3 h), from the surface
to 300 hPa, showing temperature (colors), specific humidit