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Abstract

Marine cold-air outbreaks (CAOs) are vigorous equatorward excursions of cold
air over the ocean, responsible for the majority of wintertime oceanic heat loss
from the subpolar seas of the North Atlantic. However, the impact of individual
CAO events on the ocean is poorly understood. Here we present the first cou-
pled observations of the atmosphere and ocean during a wintertime CAO event,
between 28 February and 13 March 2018, in the subpolar North Atlantic region.
Comprehensive observations are presented from five aircraft flights, a research
vessel, a meteorological buoy, a subsurface mooring, an ocean glider, and an
Argo float. The CAO event starts abruptly with substantial changes in tempera-
ture, humidity and wind throughout the atmospheric boundary layer. The CAO
is well mixed vertically and, away from the sea-ice edge, relatively homogeneous
spatially. During the CAO peak, higher sensible heat fluxes occupy at least the
lowest 200 m of the atmospheric boundary layer, while higher latent heat fluxes
are confined to the surface layer. The response of the ocean to the CAO is spa-
tially dependent. In the interior of the Iceland Sea the mixed layer cools, while in
the boundary current region it warms. In both locations, the mixed layer deepens
and becomes more saline. Combining our observations with one-dimensional
mixed-layer modelling, we show that in the interior of the Iceland Sea, atmo-
spheric forcing dominates the ocean response. In contrast, in the boundary
current region lateral advection and mixing counteract the short-term impact of
the atmospheric forcing. Time series observations of the late-winter period illus-
trate a highly variable ocean mixed layer, with lateral advection and mixing often
masking the ocean’s general cooling and deepening response to individual CAO
events.
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1 | INTRODUCTION

Marine cold-air outbreaks (CAOs) are excursions of cold,
dry polar air streaming off sea ice, or cold landmasses, over
relatively warm ocean water. They lead to strong upward
surface turbulent heat and moisture fluxes (Papritz and
Spengler, 2017; Terpstra et al., 2021). The fluxes warm the
atmospheric surface layer, reducing the stratification and
triggering shallow atmospheric convection, that can often
be visualised via convective cloud streets or cells (e.g.,
Atkinson and Wu Zhang, 1996). The accumulated surface
turbulent sensible and latent heat fluxes associated with
marine CAOs also cool and salinize the surface ocean.
In key regions, such as the subpolar seas of the North
Atlantic, this ocean densification is a critical component of
the global ocean circulation: it drives the convective over-
turning that contributes dense waters to the lower limb of
the Atlantic Meridional Overturning Circulation (AMOC;
Buckley and Marshall, 2016). Arguably, the subpolar seas
of the North Atlantic are where ‘communication’ between
the atmosphere and ocean is most critical, and CAOs are
the dominant medium for that communication in winter
(Buckley and Marshall, 2016; Papritz and Spengler, 2017;
Renfrew et al., 2019). However, the impact of individual
CAO events on the ocean is poorly known.

CAOs are generally synoptic in scale (>1,000 km) and
duration, for example, median durations of 2.5-3 days and
durations of a week on occasion (Harden et al., 2015; Terp-
stra et al., 2021). They are driven by a variety of meteoro-
logical conditions. The strongest CAOs tend to occur to the
rear (i.e., in the western portion) of synoptic-scale cyclones
that track towards higher latitudes (Kolstad et al., 2009;
Fletcher et al., 2016; Terpstra et al., 2021). However, they
are also commonly associated with longitudinal pressure
gradients between cyclones and anticyclones (Fletcher
et al., 2016; Papritz and Grams, 2018), or with orographic
flows such as barrier winds, tip jets, and katabatic flows
(Outten et al., 2009; Renfrew et al., 2009; Vage et al., 2009;
Harden et al., 2011; Oltmanns et al., 2014).

The observed thermodynamic and turbulent char-
acteristics of marine CAOs have been documented in
various studies, most commonly using aircraft obser-
vations. Notable North Atlantic case studies include a
well-studied extreme CAO over the Gulf Stream (Bane Jr
and Osgood, 1989; Grossman and Betts, 1990; Chou and
Ferguson, 1991); an extreme CAO over the Labrador Sea
(Renfrew and Moore, 1999; Pagowski and Moore, 2001); a
collection of case studies over the Greenland and Norwe-
gian Seas (Brimmer, 1996, 1997, 1999); and a collection
of cases over the Mediterranean Sea (Brilouet et al., 2017).
Common features include: an atmospheric boundary layer
(ABL) that warms, moistens, and deepens with down-
stream distance encompassing an unstable surface layer
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and a capping inversion; higher turbulent momentum
and heat fluxes that decrease rapidly with height through
the ABL; and the development of clouds with down-
stream distance. Coherent ABL circulations are common
and, given sufficient wind speed, feature roll vortices
(visualised as cloud streets), often giving way to open or
closed cells downstream (Atkinson and Wu Zhang, 1996;
Briimmer, 1999; Pithan et al., 2018). These coherent
structures contribute to the surface turbulent heat fluxes
(Briimmer, 1999; Spensberger and Spengler, 2021; Duscha
etal.,2022), which are the largest sources of heat and mois-
ture to the ABL as the CAO warms and moistens with fetch
(Briimmer, 1997).

Numerical models can capture the salient thermo-
dynamic and turbulent features of CAOs given suf-
ficient resolution and suitable parameterizations (e.g.,
Pagowski and Moore, 2001; Liu et al.,, 2004). However,
there are sensitivities in their response to the marginal
ice zone (Liu et al., 2006; Gryschka et al., 2008; Chechin
et al., 2013; Spensberger and Spengler, 2021) and chal-
lenges in the forecasting of embedded mesoscale weather
systems such as polar lows (e.g., Sergeev et al., 2017, 2018).
Around two thirds of CAO events are associated with
polar meso-cyclogenesis (Terpstra et al., 2021; see also
Michel et al. 2018). Furthermore, simulating the distribu-
tion and phase of the clouds that develop within CAOs
remains a major challenge (e.g., Geerts et al., 2022), both
for convection-permitting operational models (e.g., Abel
et al., 2017) and large eddy simulations (e.g., De Roode
etal., 2019).

CAOs occur over the subpolar seas of all the major
oceans. They tend to be stronger in the Northern Hemi-
sphere, due to the positioning of cold air masses residing
over land or pack ice near relatively warm water, with
notable peaks over the Kuroshio, Bering Sea, Gulf Stream,
Labrador Sea, Barents Sea, and the Nordic Seas (the
Norwegian, Greenland, and Iceland Seas) — see Fletcher
et al. (2016). All of these regions are prone to extremes
in the distribution of surface heat fluxes (Gulev and
Belyaev, 2012).

CAOs are key to the climate system via both the
atmosphere and ocean. They are one component of the
exchange of energy in the atmosphere between the polar
regions and mid-latitudes (Iwasaki et al, 2014; Pithan
et al., 2018), and they are responsible for 60%-80% of the
wintertime oceanic heat loss in critical oceanic regions
such as the subpolar seas of the North Atlantic (Papritz and
Spengler, 2017). Papritz and Spengler (2017) show that this
heatloss is mainly connected to intense CAOs in the north-
ern Greenland Sea and eastern Barents Sea, combined
with more frequent weak-to-moderate CAOs in the Nor-
wegian, Irminger, and Iceland Seas. Following a median
air parcel through a CAO, the surface turbulent heat fluxes
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increase rapidly, from approximately O to approximately
300 W=m~2, before decreasing more slowly over a few days
in an evolution that is common for all subregions of the
North Atlantic (Papritz and Spengler, 2017). The sensible
heat fluxes dominate the latent fluxes for cold-water loca-
tions, such as the Greenland, Barents, and Iceland Seas,
while the opposite is true for the warmer waters of the
Norwegian and Irminger Seas. These characteristics are
consistent with an analysis of CAO events by Terpstra
etal. (2021).

Previous studies have examined the impact of surface
heat fluxes on the ocean mixed layer in the subpolar seas;
for example, over the Irminger Sea (Vage et al., 2008),
Iceland Sea (Moore et al., 2015; Vage et al., 2015; Vage
et al., 2018), Greenland Sea (Schott et al., 1993; Moore
et al., 2015; Brakstad et al., 2019), Norwegian Sea (Satra
et al., 2008; Isachsen et al., 2013), Labrador Sea (Lilly
et al, 1999; Steffen and D’Asaro, 2002), and Barents
Sea (Skagseth et al., 2020). However, these studies have
focused on integrated changes in the ocean mixed layer
over the extended winter season and have relied on mete-
orological reanalyses (or similar) for atmospheric forcing
data. They have not examined the detailed ocean response
to an individual CAO event, nor have they had available
in-situ observations from the atmosphere.

The Iceland Sea has been a particular focus of atten-
tion in the last decade. The recently identified North Ice-
landic Jet that transports dense water along the slope
north of Iceland into Denmark Strait revitalized interest
in water mass transformation in this region (Jénsson and
Valdimarsson, 2004; Véage et al., 2011; Semper et al., 2019).
This rekindled an earlier hypothesis that the central Ice-
land Sea is a location of significant dense water forma-
tion (Swift et al., 1980; Swift and Aagaard, 1981). In the
present climate, the bulk of dense water transported by
the North Icelandic Jet originates in the Greenland Sea
(Huang et al., 2020), as the waters formed in the Iceland
Sea have become less dense (Vage et al., 2015; Semper
et al., 2022). However, only a few decades ago, when sea
ice extended farther off the Greenland shelf, the central
Iceland Sea was likely a more significant source of dense
water (Vage et al., 2022). A dramatic reduction in sea ice
has made much of the western part of the Iceland Sea
directly accessible to the atmosphere in winter, thereby
exposing new regions where water mass transformation
takes place (Vage et al., 2018; Moore et al., 2022) and shift-
ing the locus of dense water formation from the central to
the western Iceland Sea (Vége et al., 2022).

The CAO analysed here occurred in the west-
ern Iceland Sea. We use data collected during the
Iceland-Greenland Seas Project (IGP), an extensive
atmosphere—ocean field campaign that took place in win-
ter 2018; see Renfrew et al. (2019) for an overview of the

IGP and further background. One goal of the IGP was
to determine the location and causes of dense water for-
mation by CAOs. The observational program was the
first time that simultaneous in-situ observations of the
atmosphere and ocean were obtained in the subpolar
seas of the North Atlantic. As such, our case study is,
to our knowledge, the first subpolar CAO event to be
analysed from a coupled atmosphere—ocean perspective.
(We note that Duscha et al, 2022 examines coherent
structures within the ABL of this CAO event, primarily
via ship-based Doppler Lidar wind measurements). We
focus on the immediate ocean response to this multi-day
CAO event in late winter. For the atmosphere, we use
observations from five aircraft flights and continuous
measurements from a research vessel and a buoy. For the
ocean, we use data from roughly 200 hydrographic casts
from the research vessel, a glider, and an Argo float, and
continuous measurements from a mooring. Our objectives
are:

« to quantify the event via CAO metrics

» to document the thermodynamic and turbulent ABL
structure

» to document the response of the ocean’s mixed layer
over space and time

+ to investigate the mechanisms that dictate this ocean
response.

The ocean response is also placed into a seasonal con-
text using in-situ time series observations.

2 | DATA SETS AND
METHODOLOGY

An overview of the research platforms, observing systems,
research cruise, flight campaign, and sustained observa-
tions can be found in Renfrew et al. (2019). Here we
provide a brief description of the pertinent datasets and
outline our observational coordination strategy.

2.1 | Atmospheric observations
Near-surface observations from a Seawatch Wavescan
meteorological buoy located in the northwest Iceland Sea
at 70°38.38 N, 15°24.58 W were made between 17 February
and 5 May 2018 (see Figure 1 for location). Hourly observa-
tions of air temperature, relative humidity (RH), air pres-
sure, solar radiation, wind speed, and wind direction were
made at a height of approximately 3 m. Further details and
quality control are described in Renfrew et al. (2021).
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FIGURE 1
bathymetry are shaded. Overlain for the period 28 February to 8

Map of the study area, where the topography and

March 2018 are the 0.2 sea-ice fraction contour from Advanced
Microwave Scanning Radiometer 2 (AMSR2) data (blue line), the
track of the research vessel (black line), the location of radiosonde
releases (black dots), the location of the Eggvin offset mooring and
the meteorological buoy (yellow star), the mean location of the
glider (cyan diamond), the track of the Argo float (red line), and the
location of the aircraft cross-section on 1 March 2018 (purple line;
cf. Figure 6) [Colour figure can be viewed at wileyonlinelibrary.com]|

Surface-layer observations were conducted from the
research vessel Alliance throughout a 43-day cruise in
February and March 2018. Air temperature, pressure, and
RH (WeatherPak) were taken at approximately 15 m above
sea level on the bow mast and combined with wind
speed and wind direction from the lowest bin (40 m) of
a Doppler wind Lidar (a Leosphere WindCube v2 8.66,
Helsinki, Finland) located on the boat deck. A novel cor-
rection algorithm for translational motions of the ship,
as well as established corrections for the pitch, roll, and
yaw of the Alliance, based on inertial motion unit mea-
surements were implemented (see Duscha et al., 2022).
Sea surface temperature (SST) was measured by the ther-
mosalinograph (intake depth of 2.5 m). Further details
and quality control are described in Renfrew et al. (2021).
We released 100 Vaisala RS41-SG (Helsinki, Finland)
radiosondes during the cruise, including 39 during the
CAO event (see Figure 1). Radiosonde profiles from the
mountainous island of Jan Mayen (WMO station 01001)
were also examined. Surface turbulent flux estimates using
the buoy and research vessel observations were made
using the COARE3 bulk flux algorithm (Fairall et al.,
2003).

Low-level observations from a research aircraft, a
DH6 Twin Otter, are also utilised. Five flights were made
during the CAO event, four of them coordinated with
the research vessel. We examine surface layer and ABL
observations, made on straight and level legs or as ‘saw-
tooth” ABL profiles. The legs were divided into ‘flux runs’
of 150s (~9 km) to estimate turbulent fluxes using the
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covariance method (see Petersen and Renfrew, 2009 and
Elvidge et al., 2016 for details). Extensive quality control
procedures were implemented, as described in Renfrew
et al. (2021) and Elvidge et al. (2021).

2.2 | Oceanographic observations
Shipboard hydrographic data in the western Iceland
and Greenland Seas were collected on the Alliance
whose cruise track during the CAO event is shown
in Figure 1. Vertical profiles of temperature and salin-
ity were obtained using two types of instruments: (i) a
conductivity—temperature-depth (CTD) system, attached
to arosette with twelve 5-L Niskin bottles for seawater sam-
pling; and (ii) expendable CTDs (XCTDs) and bathyther-
mographs (XBTs), which were used in inclement weather
or to save time. The CTD conductivity sensors were cali-
brated using the water sample salinity data. The resulting
accuracies of the CTD measurements are 0.3 dbar for pres-
sure, 0.001°C for temperature, and 0.009 for salinity. Here
we use potential temperature referenced to the sea surface
(temperature), practical salinity (salinity), and potential
density referenced to the sea surface. The XCTD and XBT
profiles were calibrated by comparing a set of simultane-
ous XCTD/XBT and CTD profiles. Overall, the accuracy
of the expendable measurements is estimated to be about
the same as that of the CTD. Further details on shipboard
data processing and calibration are described in Huang
et al. (2021). During the CAO event, a total of 137 tem-
perature profiles (36 CTDs, 62 XCTDs, and 39 XBTs) and
98 salinity profiles (36 CTDs and 62 XCTDs) were made
from the research vessel. The vertical resolution of the final
quality-controlled profiles is 2 dbar for the CTD and 2 m
for the expendables.

Additional hydrographic profiles were provided by an
Argo float (ID: Coriolis 3,901,988), deployed from the
Alliance on February 28, 2018. The float drifted at 200 m
depth during the CAO event and recorded daily CTD pro-
files between 1,000 m and the surface within the Eggvin
Offset — a deep passage between the West Jan Mayen Ridge
and the Kolbeinsey Ridge (see Figure 1 for the drift track).
The shallow parking depth ensured that the float spent
most of the time freely drifting within the mixed layer. We
use the standard delayed-mode Argo data, which have a
nominal accuracy of +0.002°C for temperature, +0.01 for
salinity, and 2 dbar for pressure (Wong et al., 2020). A com-
parison to concurrent shipboard CTD data prompted a bias
correction in salinity of —0.0095.

A SeaGlider deployed from the Alliance collected data
along a section near 71°N from the East Greenland
continental slope to the Eggvin Offset. The glider sam-
pled temperature, salinity, and pressure at 8-30s intervals
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which corresponds to a vertical resolution of 0.5-3 dbar.
The glider data have a nominal accuracy of +0.001°C
for temperature and +0.01 for salinity. The sensors were
laboratory-calibrated prior to deployment and against
shipboard measurements by comparing the mean profiles
below 500 m depth, prompting a bias correction in salinity
of —0.006. Following Vage et al. (2018), each dive and climb
profile was subsequently inspected for density inversions,
and measurements associated with inversions exceeding
0.03kg=m™3 were excluded.

Hydrographic time series were obtained from a subsur-
face mooring deployed on the southern flank of the Eggvin
Offset at 70°37.75N, 15°36.41 W from 27 August 2016 to 7
June 2018 (see Figure 1). The mooring was equipped with
five point-CTD sensors and 16 temperature loggers. The
vertical resolution of the temperature sensors was excep-
tionally high: 25 m in the upper 200 m of the water column
and 50 m down to 800 m depth. The shallowest measure-
ment depth was 8 m. The five CTDs consisted of four
MicroCATS located at 8 m, 111 m, 675 m, and 1,186 m, and
one Aanderaa SeaGuard at 386 m. The hydrographic sen-
sors were calibrated by comparison with three shipboard
CTD casts at the mooring location during the deployment
period. None of the temperature sensors above a depth
of 500 m required corrections for drift or offset. The ini-
tial mooring accuracies for all Sea-Bird Electronics instru-
ments (the Aanderaa SeaGuard) are +0.002°C (+0.03°C)
for temperature and 0.003-0.004 (+0.019-0.026) for salin-
ity considering our temperature range of —1-8°C. The
temporal resolution of the measurements ranged from 30 s
(five SBE56 temperature loggers) to 15 min (four SBE37
MicroCATs and 11 SBE39 temperature loggers) and 30 min
(one Aanderaa SeaGuard). Data from the high-frequency
temperature loggers were first averaged into 15-min inter-
vals, then all data were interpolated onto a common
15-min time base. This resulted in a total of 864 moored
temperature profiles during the CAO event.

2.3 | Reanalyses and satellite products

We use output from ERAS5, the fifth generation ECMWF
atmospheric reanalysis which is produced using cycle
41r2 of the Integrated Forecast System model, using a
four-dimensional variational data assimilation scheme
(Hersbach et al., 2020). The reanalysis benefits from a rel-
atively high-resolution grid with 137 vertical levels and a
horizontal grid spacing of 0.28125° (~31 km, from a T639
triangular truncation). We use instantaneous meteorolog-
ical variables and hourly-mean surface fluxes output every
3 hr. An evaluation of ERAS5 surface-layer meteorology
and surface turbulent fluxes for the Iceland and Green-
land Seas showed that it generally compares very well to

observations, although it is less accurate over the marginal
ice zone than over open water (Renfrew et al., 2021). For
2007 onwards, ERA5 uses the UK Met Office’s Operational
Sea-surface Temperature and Sea Ice Analysis (OSTIA)
for daily SST and sea-ice fields. Renfrew et al. (2021)
demonstrate that the OSTIA sea-ice distribution is overly
smooth compared to aircraft- and satellite-based observa-
tions, so here we also use sea-ice fraction derived from the
Advanced Microwave Scanning Radiometer 2 (AMSR2),
following Spreen et al. (2008).

2.4 | Coordination strategy

From the outset we designed the IGP winter field cam-
paign to take a coupled atmosphere-ocean approach for
the observations. This included moving to a coordinated
‘survey phase’ when a CAO event was forecast (cf. Renfrew
et al., 2019). In addition to global and regional weather
forecasts, we had specialized CAO forecast products diag-
nosed from the ECMWF ensemble prediction system that
allowed planning up to a week in advance. We coordi-
nated activities on the research vessel and the aircraft
via daily updates of our plans - all informed by common
forecast products. This coordination allowed simultane-
ous and enhanced sampling of both the atmosphere (e.g.,
additional radiosonde releases; low-level flight legs around
the ship) and ocean (e.g., rapid XBT surveys; survey tri-
angles of CTDs or XCTDs), thus facilitating a coupled
analysis.

3 | ATMOSPHERIC
OBSERVATIONS OF A COLD-AIR
OUTBREAK

3.1 | Synoptic overview

The CAO event began on 28 February 2018 and was
remarkably long-lived, lasting 10-13 days depending on
the metric used. Note we use a CAO index metric of Ogst
- Bg09, Where the subscript indicates the potential tem-
perature levels of the sea surface and at 800 hPa (e.g.,
Kolstad et al., 2009; Papritz and Spengler, 2017) and a
CAO depth metric defined as the height in hPa where
0 = Ogsst, which is a measure of the depth of the cold-air
mass in pressure units. The CAO depth metric reflects
the potential temperature and static stability of the air
mass so is an integrated measure of CAO strength (see
Terpstra et al., 2021). At onset, illustrated at 1200 UTC
on 1 March 2018, there is widespread northerly flow and
NNE-oriented isobars over the Iceland and Greenland
Seas, associated with a mesoscale low that had traversed
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west to east across the Iceland Sea now weakening over the
Norwegian Sea (Figure 2). At its onset the CAO is weak:
the CAO depth is only 100-150 hPa over the Iceland Sea,
increasing to 300-350 hPa in Fram Strait. The associated
surface turbulent heat fluxes are only 150-250 W=m™2 in
the northwest Iceland Sea. At its onset, the CAO depth and
surface sensible heat flux (SHF) are comparable to their
ERAS5 winter means and the CAO index at 800 hPa is neg-
ative - indicating no CAO by this metric - as the cold air
is shallow and does not reach this level (Figure 3). The
surface latent heat flux (LHF) is somewhat higher than
the winter mean. At the meteorological buoy, surface-layer
observations show the CAO starts with a drop in air tem-
perature from 2 to —2.5°C, coincident with a dramatic
change in wind direction and an increase in wind speed
from 3to 13 m=s~!, as well as an increase in total turbulent
heat fluxes (THFs) from approximately 0 to 150 W=m™2
(Figure 4). The surface-layer research vessel observations
are very similar (not shown). In short, the CAO starts
abruptly but was comparatively weak at this time over the
Iceland Sea.

Over the next few days, the CAO becomes moderate
in strength: the CAO index, CAO depth, and surface heat
fluxes all increase to greater than +1 standard deviation
(o) above the winter mean (Figure 3). The CAO peak is
on 4 March, after which the CAO index hovers around
the +1c level and the CAO depth, SHF, and LHF wax and
wane, before the event tails off around 13 March. Viewed
via the buoy observations, the CAO peak is marked by a
minimum in air temperature of —5.5°C, a maximum in
wind speed of 14 m=s~!, and a maximum in THF of more
than 200 W *m~2 (Figure 4). The rest of the event has tem-
peratures below 0°C, and winds typically 10-12m-=s~},
with a second temperature minimum on 9 March due
to an enhanced off-ice flow component, before the CAO
tails off.

The synoptic situation at the peak of the CAO is shown
in the right column of Figure 2. At this time the CAO depth
isaround 350 hPa and the CAO index varies between 4 and
6 K, which is in the moderate (4-8 K) CAO category of
Papritz and Spengler (2017). Across the Iceland and Green-
land Seas, the winds are generally from the NNE to NE,
explaining the contrast in CAO depths between the Nor-
wegian Sea (>400 hPa) and the Iceland Sea (300-350 hPa)
where the extensive upstream fetch of the air mass has
warmed the ABL and decreased the CAO depth. At the
time of the CAO peak, the wind vectors over the Ice-
land Sea are more northerly, suggesting some of the air
is coming off the sea ice adjacent to the Greenland coast.
Indeed, the reanalysis THF peaks at 400 W = m~2 just off the
ice edge, decreasing rapidly with fetch to 200-250 W=m~2
over the NW Iceland Sea-values consistent with the buoy
observations (Figure 4).

Royal Meteorological Society

3.2 | Thermodynamic and turbulent
structure

A vertical cross-section of the ABL and lower troposphere
over time is provided from radiosonde profiles launched
from the Alliance (Figure 5). This should be interpreted as
a time series of the evolving CAO event as the movement
of the research vessel around the ‘survey triangles’ is small
compared to the horizontal scale of the CAO. The sharp
potential temperature (6) gradient at 0600-1200 UTC on
28 February that signals the onset of the CAO extends
through the lower troposphere, while the enhanced wind
speed is confined to the ABL where it peaks at 18 m=s~1.
This CAO front is distinct from the strong southerly winds
associated with the mesoscale low. As the CAO event
strengthens, the ABL deepens from about 800 to 2000 m
(as evident from changes in the vertical gradients in 6 and
RH). The peak of the event, on 4 March, is characterized by
an ABL jet of cold air sampled when the ship is within the
marginal ice zone. Note that some of the higher-frequency
structure in the cross-section is associated with the loca-
tion of the ship; for example, there are cold and dry periods
when the ship is closer to the sea ice around 1800 UTC on
1 March.

The variability in the ABL depth is related to the local
wind speed (e.g., enhanced on 2 and 4 March) and the sur-
face heat fluxes (not shown). The collapse in ABL height
during 5-6 March is due to a warming of the entire lower
troposphere that is associated with a more easterly wind
direction (see Figure 4). One could define this as the end
of the CAO event, based on the CAO depth, or surface heat
fluxes, but the CAO index remains at +1c so instead we
view this as a transient weakening. Subsequent strength-
ening and weakening of the CAO event are evident in the
buoy and ERAS data (Figures 3, 4), but are not captured
by the research vessel which left the survey region on 9
March. The onset of the CAO brings a dramatic change
to the ABL which becomes neutrally stratified, above an
unstable surface layer and capped by a strong 0 gradient
(Figure 5). The wind speed is roughly constant through
the ABL (above the surface layer). The RH increases with
height through the ABL and peaks at more than 90%
at the top of the ABL, above which it is exceptionally
dry (RH <30%). Satellite imagery confirms that the ABL
is replete with comparatively small convective cells scat-
tered across the NW Iceland Sea on 1 March, except for
a cloud-free band adjacent to the sea ice (e.g., Figure 2).
Based on the RH profiles, these cumulus clouds top the
ABL and are relatively shallow (typically ~500m thick).
During 2-3 March the ABL cloud cells expand, and, by
4 March, they are larger, deeper and more convective in
appearance (Figure 2). Comparing the two satellite images
the change in cloud characteristics nicely illustrates the
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FIGURE 2 Synoptic evolution of the cold-air outbreak (CAO) showing the approximate onset at 1200 UTC 1 March (left) and the peak
at 1200 UTC 4 March 2018 (right) using ERAS5 output. The top panels show the CAO depth (shading, hPa), the CAO index (amber contours,
K) and the wind at 800 hPa (vectors). The middle panels show the total turbulent heat flux at the surface (shading, W*m=2) and m.s.L.
pressure (maroon contours, hPa). A sea ice edge, taken to be the 0.2 sea-ice fraction contour, is shown on the ERAS5 panels (thick grey line).
The bottom panels are visible satellite images at 1143 and 1137 UTC on 1 and 4 of March from VIIRS, showing the lower-left quarter of the
ERAS domains [Colour figure can be viewed at wileyonlinelibrary.com]
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Cold-air outbreak metrics for the Iceland Sea showing (a) a cold-air outbreak (CAO) index = Oss7—0509, Where the

subscript indicates the level as 800 hPa, (b) the CAO depth, defined as the height in hPa where 6 = Osgr, (c) the surface sensible heat flux, and
(d) the surface latent heat flux. The time series are area-averaged over a 100-km circle centred at 70° N, 16° W from 23 February to 1 May 2018

using ERAS output. The extended winter (November-March) mean and +1 standard deviation from 2008 to 2018 are shown as amber lines.
Three periods of CAO are shown via shading: The first and longest (0600 UTC 28 February to 1800 UTC 13 March) is the main focus of this
study. Two subsequent CAO periods are also indicated: from 1800 UTC 16 March to 0000 UTC 19 March which has more impact on the
Greenland and Norwegian seas; and from 0600 UTC 29 March to 1200 UTC 8 April which is discussed briefly in Section 5 [Colour figure can

be viewed at wileyonlinelibrary.com]

change in surface heat flux forcing as the CAO strengths
between 1 and 4 March.

The ABL structure of the CAO event is corroborated
by ‘snapshot’ cross-sections based on aircraft observations.

In a cross-section heading south from the research ves-
sel on 1 March, 6 and RH are relatively constant over a
distance of approximately 200 km, while the ABL increases
in height from around 600 to 1,000 m; the turbulent SHFs
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FIGURE 4
the NW Iceland Sea showing air temperature, 10-m wind speed,

Observations from the meteorological buoy in

wind direction, and total turbulent heat flux (as indicated). The
period shown includes the cold-air outbreak (CAO) from 0600 UTC
28 February to 1800 UTC 13 March 2018, with the CAO peak on 4
March shaded [Colour figure can be viewed at
wileyonlinelibrary.com]

are confined to between +40W+m™2 with higher val-
ues associated with a rise in ABL height (Figure 6). In
a west-east cross-section passing over the Alliance, the
ABL increases from around 600 to 800 m (over 150 km
from the MIZ offshore) with turbulent SHF observations
peaking at 80 W+m=2 at the ice edge (see Figure 8 in
Renfrew et al., 2019). Aircraft-based cross-sections for

4 and 6 March illustrate a similar story (not shown).
The observed thermodynamic structure of the CAO
event is qualitatively consistent with aircraft-based snap-
shots of other CAOs sampled by aircraft over the sub-
polar seas (e.g., Briimmer, 1996; Renfrew and Moore,
1999).

The spatial structure of the CAO event is also illus-
trated in Figure 7 using surface-layer observations at the
onset (1 March) and peak (4 March). In general, these
aircraft- and ship-based observations correspond well to
each other (allowing for some discrepancies due to time,
such as the decrease in 0 between the two flights on 1
March). The air is 1-2 K colder to the west, closer to the
sea-ice edge, on both days as well as over the tongue of sea
ice at approximately 70° N on 1 March. There is a simi-
lar west-to-east gradient in surface temperature and heat
fluxes (not shown). Overall, aside from gradients related
to the proximity to the sea ice, the CAO is reasonably
homogeneous in 6, RH, winds, and turbulent fluxes over
a distance of up to approximately 200 km. This implies the
mesoscale spatial character of such CAO events should be
relatively straightforward to simulate in suitable numeri-
cal models.

Compared to 1 March, the CAO is uniformly colder
and windier on 4 March, consistent with the event reach-
ing its peak then; Figure 7 provides a spatial illustration
of the time series in Figures 3-5. The CAO development,
from 1 to 4 March, is also illustrated via vertical profiles
of mean and turbulent quantities from coincident aircraft
and ship flux-runs (Figure 8). The strengthening of the
CAO is associated with an ABL increase in wind speed of
5-10 m=s~!, a decrease in 0 of about 4 K, an increase in
momentum flux of 0.1-0.5 N=2, and an increase in SHF of
100-150 W=m~2. These changes are predominantly tem-
poral, that is, related to a strengthening of the CAO. In
contrast, the RH and LHF profiles are not significantly
different. The flux-run profiles of 6 and wind speed are rel-
atively constant with height, while the RH increases with
height, corroborating the cross-sections (e.g., Figures 5, 6).
On 4 March, the momentum flux and SHF are higher at
all heights, while the LHF is confined between —26 and
38 W=m~2 above the surface layer, with notably low values
between 80 and 160 m. On these legs the aircraft was fly-
ing in a subcloud environment with RH over 85%, which
likely limited the LHF. The flights were below a dense
low-level cloud layer, with cloud droplet numbers mea-
sured at 300 cm~3 and a cloud base of about 250 m altitude.
The ABL was replete with shallow convection and the low
LHFs may be partly due to upward and downward mois-
ture fluxes balancing each other. A pronounced decrease
in SHF and LHF with height has been seen in other CAO
case studies (e.g., Bane Jr and Osgood, 1989; Grossman and
Betts, 1990; Briimmer, 1999).

35UB217 SUOWIWIOD) BAIIR1D) 3|cedl|dde ay) Aq pausenoh afe sajolte YO ‘9sh Jo Sa|n 1oy Areiqi]autiuQ A3]IA UO (SUO N PUOD-PUe-SWLBI WO A3 | 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD pue SWB | auy) 88S *[£202/S0/€0] Uo ArigiTauliuo AB|IM 1591 Aq 8T b/200T 0T/10p/wod AS 1M ARelq1puuo sieuLy/Sdny wolj papeojumoq ‘TG ‘€202 ‘X0L8L.YT


http://wileyonlinelibrary.com

RENFREW ET AL.

Quarterly Journal of the

S RMetS 481

FIGURE 5
cross-section for the first part of the
cold-air outbreak (CAO) from
radiosonde profiles in the Iceland Sea, 3000
showing: (a) potential temperature; (b)
relative humidity; and (c) wind speed.
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3.3 | One-dimensional energy
conservation analysis

The vertical profiles of turbulent fluxes imply significant
heat and water vapor convergence into the ABL driven by
high surface fluxes (Figure 8). On synoptic timescales, it is
cold-air advection that is driving these higher surface heat
fluxes. However, changes on shorter timescales in the ABL
structure, such as the variability seen in the radiosonde
cross-section, can be attributed to local processes. For
example, we examined quasi-Lagrangian radiosonde pro-
files from the beginning of the CAO event (at 1145 and
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1500 UTC on 28 February) and found an increase in ABL
height from 1,000 to 1,150 m, when surface-layer observa-
tions show no discernible change in temperature at the
research vessel’s location. This justifies neglecting hori-
zontal processes and employing a 1D energy conservation
analysis. Using the 1D mixed-layer model of Renfrew and
King (2000) - their equation 6 and assuming entrain-
ment at the ABL top is 10% of the surface flux - we find
this 150-m increase in ABL height can be attributed to
a convergence of turbulent sensible heat fluxes into the
boundary layer. In short, larger-scale horizontal drivers
and smaller-scale vertical processes are both important in
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the evolution of this CAO event; in the next section, we
examine whether the same is true in the response of the
ocean.

4 | TMPACTSONTHE OCEAN
MIXED LAYER

4.1 | Observational strategy

Based on our CAO forecasts, the research vessel transited

to the western Iceland Sea and conducted a rapid XCTD
survey offshore of the MIZ to characterize the state of the

69.6 -

ocean before the CAO event. Over the following eight days
of the CAO event, the ship performed two ‘triangle surveys’
(see Figure 1). The rationale was to sample two control
volumes (a northern one and a southern one) to assess
the relative importance of air-sea fluxes versus advection
in dictating the evolution of the ocean mixed layer. The
east-west base of each triangle was sampled with CTDs,
while XCTDs were used for the two sides to sample as syn-
optically as possible. Unfortunately, the quality of the ship-
board acoustic Doppler current profiler (ADCP) data was
significantly degraded while the ship was steaming (some-
thing which did not become clear until after the cruise),
making it impossible to evaluate the intended control
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Surface-layer observations at the onset (1 March; left column) and the peak (4 March; right column) of the cold-air

outbreak (CAO). The top panels show potential temperature (K) and bottom panels show wind speed (m=s~!). The aircraft observations are
run averages on 1 March (flight 293 at ~35m altitude between 1028 and 1059 UTC, squares; flight 294 at ~50 m between 1517 and 1633 UTC,
circles) and on 4 March (flight 295 at ~80 and ~90 m between 1240 and 1307 UTC, circles). The ship-based observations (small circles) are
ten-minute averages from 20 to 40 m for the entirety of each day as the ship progressed clockwise around the southern survey triangle (left
column) or northern survey triangle (right column). For clarity, wind vectors are only shown for the aircraft data. Sea-ice fraction is shown
via shaded contours from 0.2 to 0.8 (based on Advanced Microwave Scanning Radiometer 2 [AMSR2] data) [Colour figure can be viewed at

wileyonlinelibrary.com]

volume calculations accurately. A series of XBT transects
were then carried out before the Alliance headed south on
8 March. In addition to the research vessel measurements,
an Argo float, glider, and mooring also collected hydro-
graphic data during the CAO (see Section 2.2; Figure 1).
During the CAO event the glider was programmed to sam-
ple in ‘mooring mode’, conducting dives near the 1,500 m
isobath on the continental slope. The locations of all of
these ocean measurements are shown in Figure 9.

4.2 | Mixed layer bulk response

The mixed-layer (ML) properties of temperature, salinity,
density, and depth were determined using the multi-step
procedure of Pickart et al. (2002). We applied this proce-
dure to all of the hydrographic profiles collected, except
those from the mooring measurements due to their
high temporal resolution. For the mooring dataset an

automated routine was employed that determines the
depth above which the linear fit through all discrete tem-
perature measurements up to the surface best matches a
constant temperature profile. Figure 9 shows the spatial
distribution of ML potential density and depth during
the event; time-averaged values are shown for locations
with repeat sampling. The mixed layers are less dense
(26-27.92kg=m=3) and shallower (10-100m) in the
boundary current region, where the water column was
highly stratified and light Polar Surface Water occupied
the near-surface layer (Huang et al., 2021). In contrast, the
mixed layers are denser (27.92-28.0 kg*=m~3) and deeper
(100-250 m) seaward of 18-16° W — towards the interior of
the Iceland Sea. Notably, the ML characteristics from the
different platforms are consistent. The distinction in ML
properties appears related to proximity to the continental
slope and the East Greenland Current. It suggests a divide
into two regimes: a boundary regime where the mixed
layer is shallower and lighter, and an interior regime where
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FIGURE 8 Atmospheric boundary-layer variables from the
onset (1 March; red) and peak (4 March; blue) of the cold-air
outbreak (CAO). The mean (symbol) and standard deviation (line)
are from flux runs of 2.5 min from aircraft observations (flight 293,
squares; flights 294 and 295, circles); and from 10-min runs from
the ship-based observations (smaller circles without outline) for the
same time window. Only runs from the southern leg of flight 294
are used, as the northern leg was over the marginal ice zone (see
Figure 7). Panels show wind speed, potential temperature, relative
humidity (RH), wind stress, sensible heat flux (SHF); and latent heat
flux (LHF) versus altitude. Note that the aircraft fluxes are from eddy
covariance estimates, while the ship fluxes are from the COARE bulk
algorithm [Colour figure can be viewed at wileyonlinelibrary.com]

the mixed layer is deeper and denser. The black line in
Figure 9 delineates these two regimes and approximately
coincides with the extent of the East Greenland Current
(EGC) (see Figures 7 and 10 of Huang et al., 2021). Such
a division is supported by an analysis of the full six-week
Alliance hydrographic dataset by Huang et al. (2021), who
identified regional differences of wintertime water mass
transformation in the boundary current versus interior
regions of the western Iceland and Greenland Seas. In
the boundary current region, they found significant vari-
ability in ML properties, while in the interior there was a
more consistent production of dense water via diapycnal
processes.

We analyse the ocean response to the CAO distin-
guished into these boundary and interior regimes, as
denoted in Figure 9. While the mixed layers sampled by the
glider were clearly in the boundary regime, the mixed lay-
ers sampled by the mooring and Argo float were near the
transition between the two regimes and so are considered
separately below. The ocean response to the CAO is inves-
tigated by comparing the change in ML properties between
two stages of the CAO: (i) the pre- and early-CAO period,
from 0000 UTC 27 February to 1200 UTC 4 March; and
(ii) the late-CAO period, from 1200 UTC 4 March to 0000

UTC 8 March. By compiling our ML observations into two
regimes and two time periods, we can average out some of
the inherent variability.

In both the boundary and interior regimes, a mod-
est deepening of the mixed layer was observed from the
early to late period of the CAO (Figure 10; Table I).
The boundary regime ML depth increased from 41+ 3 to
55+ 10 m, while the interior regime ML depth increased
from 131+ 8 to 152+ 11 m, where the mean + standard
errors are given. This ML deepening partly stems from the
significant increase in wind stress during this period (e.g.,
Figure 8). The response to the CAO was different for the
ML temperature: in the boundary regime the mixed layer
warmed by 0.15+0.14°C, despite the heat loss from the
ocean to the atmosphere, while in the interior regime it
cooled by —0.05 +0.03°C. With regard to ML salinity, the
boundary regime became saltier by 0.179 +0.057, much
more than in the interior regime which increased by only
0.007 +0.005. A statistical analysis (Table I) shows that
when all the observation types are averaged, the difference
in the means generally exceeds the standard error imply-
ing significance by this measure; while a Welch’s unequal
variances t-test shows p values below 0.15 for salinity and
ML depth in the boundary region and temperature, salinity
and ML depth in the interior region. Given this is a single
case study of a highly variable region, the differences in the
ocean are clearly important.

What is the reason for this differing response in ML
properties between the two regimes? By comparing verti-
cal sections of temperature and salinity at different stages
of the CAO, Huang et al. (2021) demonstrated that the cold
and fresh Polar Surface Water in the boundary regime was
advected onshore by Ekman transport under the strong
northerly wind during the event. In concert with this warm
and salty Atlantic-origin water was fluxed laterally off-
shore by turbulent mixing. This resulted in a short-term
warming and salinification of the mixed layer. Our results
corroborate this interpretation. Furthermore, our observa-
tions indicate that, in the interior regime, surface cooling
dominated the response with less influence from lateral
effects. (We note that isolated eddies shed from the bound-
ary current can modulate the ML response in the interior
Iceland and Greenland Seas, as demonstrated by Huang
etal., 2021.)

The mooring was located on the southern slope of the
Eggvin Offset (Figure 1), a passage between the Kolbeinsey
and West Jan Mayen Ridges that connects the boundary
current region to the interior Iceland Sea. During the CAO,
the mean ML depths in the Offset were in between those
of the boundary and interior regimes (Figure 10, yellow
symbols). The mean mixed layers became slightly deeper,
colder, and saltier during the CAO, qualitatively similar
to the interior regime. However, the overall changes were
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(b) Mixed-layer depth
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Observations of the ocean mixed layer showing (a) potential density and (b) mixed-layer depth between 27 February and 8

March 2018, encompassing the first part of the cold-air outbreak (CAO). Observations are from conductivity—-temperature-depth systems
(CTDs) and expendable CTDs (XCTDs) (circles) and bathythermographs (XBTs) (triangles), the mooring (star) and a glider (diamond). The
sampling sites can be divided into interior and boundary current locations, separated by the black line, based on the mixed-layer properties
shown. The mooring location, in the Eggvin offset, is an area of complex bathymetry and within the transition between the interior and
boundary regions. The mean sea-ice cover is indicated by the 0.2 sea-ice fraction over this period from Advanced Microwave Scanning
Radiometer 2 (AMSR2) data (purple line). The bathymetry is shown as grey contours (from ETOPO1). By convention a potential density of
1,028 kg=m~3 is denoted as 28 kg=m~3 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Ocean mixed-layer properties divided by location-boundary current (blue), interior (red) and the Eggvin offset (yellow);

as well as time - early cold-air outbreak (CAO) (open symbols) and late-CAO (filled symbols). Panel (a) shows mixed-layer temperature versus
depth; panel (b) shows mixed-layer salinity versus depth. In each case, the average and standard error are shown. The pre- and early-CAO
period is from 0000 UTC 27 February to 1200 UTC 4 March; the late-CAO period is from 1200 UTC 4 March to 0000 UTC 8 March. Observations
are from a combination of profiles from conductivity-temperature-depth systems (CTDs), extendable CTDs (XCTDs), bathythermographs
(XBTs), and the glider (triangles) and from the mooring (circles) - also see Table I [Colour figure can be viewed at wileyonlinelibrary.com]

very small and, when compared to the standard error, not
statistically significant. We hypothesise that this muted
response is due to the effect of lateral advection. The mean
flow at the mooring site was eastward, which is consistent
with the expectations of geostrophic flow through the the
Eggvin Offset. As such, warm and saline Atlantic-origin
water, likely originating from the boundary, must have had
considerable influence on the stratification and convection
at this location, dampening the effects of the CAO.

A spatial picture of the surface response of the ocean
to the CAO event can be seen from satellite-based SST

analyses (Figure 11). After the early-CAO period, there is
generally a modest cooling of the sea surface of the western
Iceland and Greenland Seas, although there are patches
of warming, including at the mooring location. After the
late-CAO period, there is a widespread and pronounced
SST cooling (up to —2°C) covering most of the Iceland
Sea region. However, the cooling is still patchy. In partic-
ular, there are regions of up to 1-2°C warming along the
sea-ice edge — approximately following the path of the East
Greenland Current - and in the northern Denmark Strait.
Some of these patches reflect changes in the distribution

8518017 SUOWWIOD 3AIIEaID 3|qedljdde au Aq paueAob a1e 9 VO ‘SN J0 S3|NJ 1o} Akeiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUe-SULB}LLIOD A8 |IMAle1d 1[BUI|UO//SHNY) SUORIPUOD PUe SWiie | 8L 88S *[£202/€0/20] Uo ArelgiTaulluo A8|IM ‘158 L Aq 8T [b/z00T 0T/10p/woo A8 |mAelq 1 jeul JUO'STeWLY/SANY W14 papeojumod ‘TG. ‘€202 XOL8LLYT


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

486 Quarterly Journal of the

RENFREW ET AL.

Royal Meteorological Society

TABLE 1
between the late and early cold-air outbreak (CAO) periods

Measurements from different regions of the Iceland Sea showing the number of profiles and the difference in ML properties

Mean difference + standard error for:

Measurement No. of profiles:
Region platform Early/late-CAO ML temperature (°C) ML salinity ML depth (m)
Boundary CTD 11/6 0.16 +0.34 0.215 + 0.151 31+27
XCTD 32/14 0.08 +0.19 0.224 4 0.077 1+10
XBT 13/11 0.38 +0.38 - 37+30
Glider 25/40 —0.03 £0.04 0.098 1 0.008 -13+5
All 81/71 0.15+0.14 0.179 + 0.057 14+10
p=0.224 p =0.003 p=20.149
Interior CTD 12/7 —0.05 + 0.05 0.004 +0.007 10+28
XCTD 8/8 —0.01 £0.06 0.010 + 0.005 18 +24
XBT 9/6 —0.10 + 0.05 = 36 +17
All 29/21 —0.05+0.03 0.007 + 0.004 21+14
p=0.094 p=0.088 p=0.129
Eggvin offset Mooring 528/336 —0.02+0.05 0.003 +0.031 1+33
Note: The differences in ocean ML temperature, salinity and depth between the late- and early-CAO periods are calculated as (Meanye_cao — M€ane,ny—cao)-
An uncertainty estimate is provided by the standard error, estimated using standard errors of the early- and late-CAO properties (S = Simyic N SIZMFC A0

where S is the standard deviation of the sample/ \/(n —2). Two measures of significance are provided: (i) the values are bold when the mean difference is
greater than the standard error; and (ii) a significance (p value) is given using Welch'’s ¢-test for the mean difference between the early and late-CAO period.
Note differences between the handful of hydrographic profiles in the Eggvin Offset from the Argo float are not shown; differences between the large number

of mooring measurements are more statistically robust.

of sea ice and associated colder surface waters, but some
appear to reflect other processes such as the upward mix-
ing of warmer subsurface Atlantic-origin waters, or lateral
advection from eddies. Numerous eddies were observed in
the hydrographic data (Huang et al., 2021) and these are
known to be an important vehicle for heat transport in
such marginal seas (Spall, 2011).

A temporal picture of the ML response to the CAO
event is presented in Figure 12 using observations from
the mooring and the Argo float (both in the Eggvin Off-
set at this time). There is substantial variability in ML
depth, temperature, and salinity during the CAO. The
surface THFs show a continuous upward heat flux with
maxima on 4 and 9 March. The co-located high-frequency
mooring observations show periods of ML cooling and
deepening (e.g., 1, 3-4, 8 and 12 March); as well as peri-
ods of ML warming (e.g., 6 and 11 March) and shoaling
(e.g., 3, 6 and 10 March) which cannot be explained by
the direct atmospheric forcing. The Argo float observations
broadly corroborate the mooring timeseries for ML tem-
perature and depth, and also illustrate substantial changes
in ML salinity (e.g., in the mixed layer on 2-3 March).
The warmer mixed layers seen in both timeseries generally
coincide with convection penetrating into the subsurface
Atlantic-origin water (centred at a depth of 200-300 m)

and mixing up warmer water. However, the rapid shoaling
of the mixed layer also points to the importance of lateral
advection and eddies in this region - something not imme-
diately apparent when looking at mean ML changes (cf.
Figure 10). At the Eggvin Offset, the complex bathymetry
results in a finely balanced competition between a direct
cooling and deepening response to the atmospheric forc-
ing and lateral advection.

4.3 | One-dimensional model simulation
To help wunderstand the underlying mechanisms
regulating the response of the ocean to the CAO,
a one-dimensional ML model was employed. The
Price-Weller-Pinkel (PWP) model parameterizes mixing
from heat and momentum fluxes imposed at the ocean
surface and the entrainment of stratified fluid from below,
as described in Price et al. (1986). It has previously been
successfully used to simulate changes in ML properties
in the western Nordic Seas (e.g., Moore et al., 2015; Vage
et al., 2018; Brakstad et al., 2019; Huang et al., 2021). Here
we use CTD profiles from the base of both survey triangles
during the pre- and early-CAO period as initial conditions,
and apply atmospheric forcing from ERAS5. Reanalysis
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FIGURE 11  Spatial maps of sea surface temperature and the change in SST. Panel (a) shows SST immediately before the cold-air

outbreak (pre-CAO) on 27 February 2018. Panels (b) and (c) show the difference between the early- and late-CAO periods and 27 February.
The early-CAO and late-CAO periods are defined following Figure 10. The SST fields are from the OSTIA product, sea-ice fractions are from
the Advanced Microwave Scanning Radiometer 2 (AMSR2), and the 10-m wind vectors are from ERAS5. The location of the meteorological
buoy and mooring is shown by the star. The domain of Figure 9 and the divide between the boundary and interior regions is overlain in black

[Colour figure can be viewed at wileyonlinelibrary.com]

fluxes are used (in preference to estimates from the buoy
observations) to enable a matching to the location of the
CTD stations. Previous work has demonstrated ERAS5 does
not have any significant biases and is relatively accurate
over open water in this region (Renfrew et al., 2021). The
model was run from the pre- and early-CAO period to the
late-CAO period with the simulated profiles compared to
observations.

For the interior regime, the PWP model successfully
reproduces the evolution of ML density during the CAO
event, that is, a densification in the upper 150 m of the
water column (Figure 13). This densification is caused by
a ML cooling of about 0.1°C and a small increase in salin-
ity of 0.004. On average the PWP model overestimates the
cooling and underestimates the salinification, with these
errors compensating to produce an accurate density pro-
file. The simulations demonstrate that, for the interior
regime, vertical processes dominate and the small biases
evident are likely associated with (unrepresented) weak
lateral mixing of warm and salty Atlantic-origin water into
the interior (see Figures 5 and 13 of Huang et al., 2021).

For the boundary regime, the PWP model is less suc-
cessful. The model simulates a ML cooling of 0.3°C and
a small (0.05) increase in salinity (not shown), in contrast
to the approximately 0.1°C of warming and the signifi-
cant (0.2) increase in salinity that is observed (Figure 10).
This implies that (unrepresented) lateral processes domi-
nate over vertical processes in the boundary current region
at this time. We have also applied the PWP model in the

Eggvin Offset. In particular, we used a pre-CAO Argo float
profile and a pre-CAO CTD cast near the mooring as ini-
tial profiles and compared the model output to late-CAO
profiles from the Argo float and mooring measurements
respectively. In keeping with observations (Figure 10), the
simulated mixed layer became colder and saltier, but the
model did not reproduce the magnitude of the changes
well — becoming too cold and fresh. This implies that
lateral advection of warm and saline water substantially
affects the ML evolution in this region too.

In short, the ML simulations demonstrate that, for the
interior regime, air-sea vertical processes dominate the
short-term ocean response to the CAO (i.e., surface fluxes
and vertical mixing in the ocean); while, for the bound-
ary regime, lateral processes dominate the short-term
response.

5 | SEASONAL CONTEXT AND
DISCUSSION

Our time series observations give us the opportunity to
place the CAO event into a seasonal context. Figure 3
shows CAO metrics from February to April 2018 - the
ocean convection season - and illustrates three CAO
events: the event analysed in detail here, a very short event
shortly thereafter, and a week-long event in early April.
The second event, on 16-18 March, was observed by the
research vessel as a strong CAO over the Greenland Sea
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FIGURE 12 Time series of
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with peak THF up to 470 W *m~2 and, based on radiosonde
profiles, a similar thermodynamic structure to our case
study (not shown). However, this event was weaker over
the Iceland Sea. The observed THF at the buoy was only
100-150 W=m~2 and, responding to this, the mixed layer
cooled and (after initially shoaling) deepened from approx-
imately 20 to 150 m penetrating into and mixing with the
relatively warm Atlantic-origin water below (Figure 14).
Note that the presence of this Atlantic-origin water also
varies, with relatively little present in mid-March, imply-
ing variability in its advection along this passage.

The third CAO event, from 28 March to 8 April, is
stronger over the Iceland Sea at +1c above the winter
mean in the CAO index and CAO depth (Figure 3). CAO3
had northerly flow emanating from Fram Strait that swept
a cold air mass across the Greenland, Norwegian, and

34.88 34.9 34.92

Iceland Seas (not shown). Two large peaks in the reanaly-
ses’ surface heat fluxes are also evident in the buoy obser-
vations (Figures 3, 14), and were due to polar mesoscale
cyclones (not shown). Based on radiosonde profiles from
Jan Mayen, CAO3 had a qualitatively similar thermody-
namic structure to that of the CAO case study analysed
here (not shown). At the mooring site, CAO3 resulted in a
strong cooling of the ocean mixed layer - in particular dur-
ing the THF peak of 2-3 April - followed by a substantial
deepening to 160 m (Figure 14). The mixed layer shoaled
to 40 m on 6 April before deepening to 190 m following
the second THF peak on 7 April. During the ML deep-
ening periods the ML temperatures increased, likely from
mixing with the warmer Atlantic-origin water layer under-
neath. This mixing up of warmer saltier water is also clear
in the Argo float observations from the northern slope of
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the Eggvin Offset at this time (not shown). These longer
time series demonstrate that the mixed layer is highly
variable, with rapid changes in ML depth, temperature,
and salinity frequent and sometimes contrary to the atmo-
spheric forcing. These findings reinforce those of Section 4;
that at this location there is a finely balanced competition
between atmospheric forcing and variable lateral advective
processes in the evolution of the mixed layer.

Reviewing the entire season and comparing to previ-
ous work, the CAO presented here is a weak-to-moderate
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event that is typical of those occurring in the Iceland Sea
(Figures 3, 14; Moore et al., 2012; Harden et al., 2015;
Papritz and Spengler, 2017; Terpstra et al., 2021). In this
regard, we can interpret the short-term response of the
ocean as typical for a CAO event in this region. However,
the 2017/18 winter season was climatologically warm (see
Renfrew et al., 2019), so the ocean was not primed for water
mass transformation. In colder years, it is likely that the
same magnitude of CAO events would result in deeper
mixed layers and that atmospheric forcing would be more
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likely to win out over lateral advection over a larger
region.

6 | CONCLUSIONS

Coupled in-situ observations of the atmosphere and ocean
during a CAO over the Nordic Seas have allowed a detailed
analysis of the event; Figure 15 is a summary schematic.
The CAO is relatively homogeneous spatially, except for
a gradient in near-surface meteorology and surface fluxes
near the sea-ice edge, and well mixed in potential tem-
perature and wind speed in the ABL. It evolves from a
weak to a moderate-strength event, with peak surface heat
fluxes of 220-350 W =m~2 over the northwest Iceland Sea.
Local short-term fluctuations in the ABL structure can be
explained by surface forcing; however, the broader evolu-
tion of the CAO is a result of synoptic scale forcing.
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FIGURE 15 A schematic of the ocean mixed-layer response
to this cold-air outbreak (CAO) event, illustrated via a cross-section
of the Iceland Sea. In the boundary region there is a warming of the
mixed layer (red shading), primarily due to the advection of
relatively warm and salty water via the East Greenland Current
(EGC); while in the interior region there is a cooling (blue shading),
primarily due to surface heat loss into the atmosphere and an
associated increase in mixed-layer density. This contributes to a
deeper mixed layer in the interior region (that deepens further
during the CAO, cf. Figure 10). In the atmospheric boundary layer
(ABL), the sensible heat fluxes are larger than the latent heat fluxes,
are highest close to the sea ice, and remain higher further into the
ABL (cf. Figure 8) [Colour figure can be viewed at
wileyonlinelibrary.com]

In the interior region of the Iceland Sea, the ocean
mixed layer deepened, cooled, and slightly increased in
salinity during the CAQ, indicating that vertical processes
dominate. However, in the boundary current region the
mixed layer warmed and became significantly saltier due
to a combination of lateral advection and entrainment of
Atlantic-origin water from below. In the Eggvin Offset,
where the mooring and buoy were located, there was a
tightly fought competition between the atmospheric forc-
ing and lateral advection leading to only a small mean ML
deepening, cooling, and salinification in response to the
CAO. Here, time series show high variability in ML prop-
erties throughout the CAO event, as well as during two
subsequent CAO events. There is cooling and deepening
of the mixed layer, but a supply of warmer Atlantic-origin
water at 200-300 m depth means the mixed layer rapidly
warms once convection penetrates to this depth, while lat-
eral advection also leads to ML warming and shoaling.
These results highlight the heterogenous ocean response
to CAOs in the western Nordic Seas, where remarkably
different water mass transformation processes can occur
during any one event.
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