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In the spring period of the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC)
expedition, an initiative was in place to increase the radiosounding frequency during warm air intrusions in the
Atlantic Arctic sector. Two episodes with increased surface temperatures were captured during April 12-22,
2020, during a targeted observing period (TOP). The large-scale circulation efficiently guided the pulses of warm
air into the Arctic and the observed surface temperature increased from —30°C to near melting conditions
marking the transition to spring, as the temperatures did not return to values below —20°C. Back-trajectory
analysis identifies 3 pathways for the transport. For the first temperature maximum, the circulation guided the
airmass over the Atlantic to the northern Norwegian coast and then to the MOSAIC site. The second pathway was
from the south, and it passed over the Greenland ice sheet and arrived at the observational site as a warm but
dry airmass due to precipitation on the windward side. The third pathway was along the Greenland coast and the
arriving airmass was both warm and moist. The back trajectories originating from pressure levels between 700
and 900 hPa line up vertically, which is somewhat surprising in this dynamically active environment. The
processes acting along the trajectory originating from 800 hPa at the MOSAIC site are analyzed. Vertical
profiles and surface energy exchange are presented to depict the airmass transformation based on ERA5
reanalysis fields. The TOP could be used for model evaluation and Lagrangian model studies to improve the
representation of the small-scale physical processes that are important for airmass transformation. A
comparison between MOSAIC observations and ERA5 reanalysis demonstrates challenges in the representation
of small-scale processes, such as turbulence and the contributions to various terms of the surface energy
budget, that are often misrepresented in numerical weather prediction and climate models.
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1. Introduction

The Arctic is a region with a net deficit of energy at the top
of the atmosphere. This loss of energy must be balanced
with heat import from lower latitudes for a climate in
balance and the transport is both in terms of sensible and
latent heat (Bengtsson et al., 2011). The atmospheric trans-
port into the Arctic is partly due to the mean flow, but
above all due to transient eddies, that is, the synoptic scale
dynamical systems that populate the midlatitudes and
extend into the Arctic. These transient features are often
referred to as warm and/or moist air intrusions. It has
been shown that the strongest moisture intrusions at
70°N, defined as exceeding 200 Tg day ' deg™' for at
least 1.5 consecutive days in a sector of at least 9° zonal
extent during 1999-2010, on average 14 per season,
account for about one third of the moisture transport into
the Arctic (Woods et al., 2013). These types of events sub-
stantially affect the local surface energy budget, tempera-
ture, and moisture (e.g., Messori et al., 2018; Fearon et al.,
2021; Murto et al., 2022).
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The Arctic is also a region subject to rapid climate change
with an amplification of regional temperature change that
during the latest decades has been almost 4 times the global
value, a signal that is not captured by the state-of-the-art
climate models (Rantanen et al., 2022). Changes in the net
atmospheric energy transport are suggested as one of the
mechanisms that give rise to Arctic amplification, in addi-
tion to changes in ocean transport and several feedback
mechanisms that operate in the region (e.g., Pithan and
Mauritsen, 2014; Goosse et al., 2018).

Most studies of Arctic climate and climate change are
performed using reanalysis and/or climate models.
Although reanalyses blend observations with a model rep-
resentation of the climate system, the sparse observations
and poorly represented physical processes over the polar
regions can limit their quality (Dufour et al., 2016; Graham
et al.,, 2019a; Naakka et al., 2019; Renfrew et al., 2021).
Boundary-layer processes and turbulent surface fluxes,
clouds, and radiation are uncertain fields in reanalyses
(e.g., Graham et al, 2019a) and in climate models (e.g.,
Svensson and Karlsson, 2011). It is also clear that these small
scale parameterized processes are important for the skill of
weather forecasts (e.g., Jung et al., 2016; Tjernstrom et al,,
2021) and are also important for how Arctic climate change
evolves in climate models (Pithan and Mauritsen, 2014).

To properly evaluate and possibly improve the quality
of process representation in reanalyses and models, more
in situ observations are needed. This is especially the case
in the high Arctic during winter, as the region is more
accessible during summer (e.g., Tjernstrom et al., 2014).
The recent yearlong Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAIC) expedition
(Shupe et al., 2022), that started in September 2019, pro-
vided unique observations along a drifting path of sea ice
across the Central Arctic. It was based on the German
research icebreaker Polarstern (Knust, 2017) with addi-
tional observations on the adjacent sea ice and in a distrib-
uted network extending about 40 km in all directions.

Recognizing the importance of warm air intrusions and
their potential impacts on sea ice melt onset (e.g., Mortin
et al.,, 2016), the WMO World Weather Research Program
(WWRP) Polar Prediction Project (PPP; Jung et al.,, 2015)
organized enhanced observational activities during spring
2020. This so-called targeted observing period (TOP) suc-
cessfully captured a series of warm air intrusion events in
mid-April, which marked the transition from the cold win-
ter toward the relatively warmer spring, and included 2
brief periods when the surface approached the melting
point (Shupe et al., 2022). The warm air intrusions also
brought unusual amounts of aerosols to the central Arctic
(Dada et al., 2022). Due to these events, the monthly mean
MOSAIC-trajectory temperature was among the warmest 12
Aprils in the 1979-2020 ERAS5 record (Rinke et al., 2021).
The daily-averaged temperature and integrated moisture
content on April 16 and 19 were record-breaking compared
to the reanalysis record; however, this might be a biased
result as there were no observations to assimilate in this
region during the other years.

Here, we present the TOP organization that was put in
place to capture the intrusion events and the additional
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observations that are available. The TOP period is defined
as April 12-22, 2020, during which 2 episodes of warm air
intrusions are identified. The European Centre for Medium-
range Weather Forecasts (ECMWF) ERA5 reanalysis (Hersbach
et al,, 2020) provides an overview of the synoptic situation
leading up to the warm air events as well as the evolution
during and after. Back trajectories are used to examine the
Lagrangian evolution of the airmasses that reach the MOSAIC
site. The evaluation of the ERA5 at the MOSAIC site during
the 10-day period in April is also presented.

2. TOP planning and engagement of the

met services

The WWRP PPP objective is to “promote cooperative inter-
national research enabling development of improved
weather and environmental prediction services for the polar
regions, on time scales from hours to seasonal” (Jung et al.,
2015). As a complementary MOSAIC activity, a PPP task team
organized support from national Met Services (Table 1) to
be on stand-by to release extra radiosondes at their regular
stations in the case of an interesting situation. While prior
special observing periods organized by the PPP (Day et al.,
2019) were used to conduct observing system experiments,
the TOP was specifically designed to examine the vertical
structure of latitudinal advection events and specifically the
Lagrangian airmass evolution as suggested by Pithan et al.
(2018). The location of the main MOSAIC observatory was at
this time in the Atlantic sector of the Arctic Ocean (Figure
1a) and the targeted sounding stations are located around
the Nordic Seas (Figure 1b).

A communication procedure was set up that alerted
the launching stations 5 days ahead of a forecast warm
air intrusion event with a request for start and end dates
for additional soundings. An update followed 48 h ahead
of the event followed by a confirmation 24 h before. Daily
email updates were sent until the end of the TOP. The
procedure was put in place in early March 2020.

Tailored forecast products, including trajectories, from
the ECMWF and the German Weather Service (DWD) were
used to carefully assess the synoptic evolution allowing
interesting meteorological situations to be identified.
Especially valuable products were the ECMWF polar view
Extreme Forecast Index (Lalaurette, 2003) of water vapor
transport and forecast back trajectories from the position
of Polarstern using the Lagrangian analysis tool
(LAGRANTO; Sprenger and Wernli, 2015). The 10-day TOP
started on April 12 with extra soundings available from
April 14. During spring 2020, the Covid-19 pandemic
resulted in a large loss of aircraft reports (c.f. AMDAR
program, Petersen, 2016), with an approximately 75%
decrease during the second half of April (Ingleby et al.,
2021). Many of the Met Services increased their sounding
frequency to make up for this deficiency (see Table 1).
Thus, in addition to the TOP enhancement, more sound-
ings than usual were launched in the region to prevent
forecast degradation. However, the forecast quality (and
thus likely reanalysis quality) was not affected as much as
anticipated (Ingleby et al., 2021).

Unfortunately, 2 of the stations that agreed to partici-
pate in the YOPP TOP had technical problems; the Swedish
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Figure 1. Near surface temperature in °C at noon UTC (a) in the beginning (April 12, 2020) and (b) end of the
TOP (April 19, 2020) based on ERA5 data. Also shown are the main location of the sounding stations at the
Multidisciplinary drifting Observatory for the Study of Arctic Climate (black filled circle) and Cold-Air Outbreaks in the
Marine Boundary Layer Experiment (black star) sites and also in (b) available sounding stations in the Atlantic Sector (red
markers). The sounding stations that were engaged for extra launches (see Table 1) are shown with a larger marker.

Meteorological and Hydrological Institute station in Luled
(no soundings) and the Met Norway station at Andenes (no
soundings 12 UTC April 12 to noon UTC April 21). Fortu-
nately, Cold-Air Outbreaks in the Marine Boundary Layer
Experiment (COMBLE; Geerts et al., 2022) operated a sound-
ing station at Andenes, not far from the operational station,
providing soundings that are included here as well (see
Table 1). In addition, regular soundings in the Atlantic
sector from approximately the middle of Greenland to part
of Russia, retrieved from the ECMWF archive, are also useful
for Lagrangian analysis (see Figure 1b).

In total, the TOP added more than 50 radiosoundings
during the 10-day period (Table 1). These additional
soundings, when combined with the detailed observations
made in northern Norway as part of COMBLE (Geerts et al.,
2022) and over the sea ice as part of MOSAIC (Shupe et al.,
2022), provide a comprehensive observational data set to
examine 2 mid-April episodes of warm air intrusions and
to assess their representation by models.

3. Observations, trajectories, and reanalysis
data

During the TOP period, many radiosondes were launched
at key locations, including the extra profiles obtained spe-
cifically in support of the TOP (e.g., Table 1). While all of
the radiosoundings (except those from COMBLE) were
uploaded to the Global Telecommunications System and
thereby aided modeling and reanalysis products, some of

these observations were used directly in this study. Specif-
ically, profiles measured at the following fixed land sta-
tions are used here: Bear Island (Bear), Andeya (And), Ny
Alesund (Ny A), Summit Station (Sum), Tasiilaq (Tas), Ittog-
qortoormiit (Itt), and Keflavik (Kef) (see Figure 1b). Com-
plementing these radiosoundings, there were also
additional radiosondes launched from the Polarstern at
the drifting MOSAIC site. While the standard operations
at MOSAIC entailed 4 radiosoundings per day, during the
period spanning April 14 through the middle of April 20,
the radiosounding frequency was increased to 7 per day. A
profile was obtained every 3 h, except for one 6-h period
without soundings in the middle of the night.
Supporting the expanded radiosonde observations, an
extensive collection of ground-based observations was
also made at the MOSAIC site, some of which are used
in the analysis conducted here. On the sea ice within
about 400 m of Polarstern was the “Met City” installation,
which included a 10-m meteorological tower that mea-
sured near-surface pressure, temperature, humidity, and
winds at multiple levels, in addition to instrumentation
for deriving surface turbulent sensible and latent heat
fluxes (Cox et al., 2021; Cox et al,, n.d.). Near the tower
was a suite of upward- and downward-looking radiometers
measuring surface broadband shortwave and longwave
radiative fluxes (Riihimaki, 2019). Onboard Polarstern was
a suite of instruments including a cloud radar, depolariza-
tion lidar, microwave radiometers, and a ceilometer that
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were collectively used to derive a cloud phase and micro-
physical properties (Shupe et al., 2015; Shupe, 2022).
More information on all of the MOSAIC atmospheric
observations can be found in Shupe et al. (2022).

ERAS5 fields (Hersbach et al., 2020) are extensively used
here to explore the spatial and temporal evolution in the
region, despite the limitations that reanalysis may have in
the Arctic (see Section 5). ERA5, or its predecessor ERA-
Interim, has been shown to accurately reproduce the
wind, temperature, and humidity fields in the Arctic (Gra-
ham et al., 2019b). A number of surface and model level
fields were obtained that were used in the trajectory cal-
culations and for further analysis along the trajectories. An
evaluation of the closest ERA5 grid point to the observa-
tions at the MOSAIC main observatory was performed.

Four-day backward trajectories were computed using
the LAGRANTO tool (Sprenger and Wernli, 2015), initial-
ized at the MOSAIC site every hour within the TOP at
700-, 800-, 850-, and 900-hPa pressure levels. Backward
trajectories were computed using ERA5 data with hourly
temporal resolution and a spatial resolution of 1°. Addi-
tionally, 1 forward trajectory was initialized at 800 hPa.

Large-scale circulation patterns associated with the
identified warm air intrusions during the TOP are explored
using cyclone tracks and diagnosis of atmospheric blocks.
Cyclone tracks, computed hourly with a spatial resolution
of 0.25°, were identified with an SLP-based algorithm
(Jakob Beran, personal communication, 05/10/2022).
Blocks were identified using a potential vorticity (PV)
method following Schwierz et al. (2004) and Croci-
Maspoli et al. (2007) that is based on negative, vertically
averaged upper-level (150-500 hPa) PV anomalies (below
—1.3 pvu) persisting for at least 5 days. For the detection
of blocks, hourly data on model levels were interpolated
to a 0.5° grid.

4, Large-scale setting
The large-scale circulation during the TOP (Figure 2) and
accompanying meridional transport results in 2 periods of
near-surface temperature being close to the melting point
and relative humidity (with respect to water) close to
100% at the MOSAIC site. These are centered on April
16 and 19 (Figure 3) and are here referred to as 2 epi-
sodes with 3 events (see Sections 6.1-6.3, all time refer-
ences are in UTC). The events are defined as the start times
of the backtrajectories (vertical dashed lines in Figure 3).
The warm airmasses are guided by the large-scale circula-
tion and arrive at the MOSAIC location on April 14 when
the steady increase in the near surface temperature com-
mences. At the end of the TOP, a substantially warmer
central Arctic is evident (compare Figure 1a and b).
Despite the variable large-scale setting during the TOP,
trajectories arriving at the Polarstern at pressure levels
between 700 and 900 hPa align vertically around 1 day
before arrival during intense warm air advection (Figure
2a, g, and j), thus indicating a vertically coherent flow for
the last 24 h before arriving at the observational site. We
study trajectories initiated at 12 UTC on April 16 and at 00
and 12 UTC on April 19 (dashed vertical lines in Figure 3)
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that capture the pathways of the airmasses contributing to
the warm episodes.

On April 12 at 12 UTC, 4 days prior to the first tem-
perature maximum at the MOSAIC site (Figure 3), 2 nar-
row bands of moist air that reach 70°N are associated with
low-pressure centers west of Greenland and over Scandi-
navia (Figure Sla in the Supplemental Materials). These
bands move eastward guided by the high-pressure ridges
and related blocks located over the North Atlantic north-
west of the United Kingdom (UK) and over the Urals 1 day
later (Figure S1c). The backward trajectory initialized at
900 hPa is located south of Greenland on April 12 (green
in Figure 2a). The air is transported zonally following the
advection corridor created by the pressure dipole across
the North Atlantic and slightly descends from the influ-
ence of the blocking to the east of the trajectory during
the first days of its journey (Figure S1d).

Trajectories ending at higher altitudes at the MOSAIC
site (orange and blue in Figure 2a) are located around
1,000 hPa (not shown) west of Scandinavia 2—3 days prior
to arrival. On April 14, 12 UTC, the Ural blocking strength-
ens and a cyclone associated with the eastward moving
low-pressure center is detected between Greenland and
Svalbard (not shown). From the influence of the large-
scale circulation patterns, all trajectories are deflected
northwards; after passing the Andoya station less than 2
days prior to arrival, the 2 trajectories ascend from the
surface up to 700 and 800 hPa, passing the Bear Island
station and finally arrive at the MOSAIC site. The trajectory
initialized at 900 hPa stays at the same level for the last 2
days, vertically aligned with the 2 others during the day
prior to arrival. On April 16, 12 UTC, the narrow band of
moist air that a few days prior extended to Scandinavia
now reaches into the high Arctic, guided by a cyclone west
of Polarstern (Figure 2b) and the Ural blocking (Figure
2a), bringing warmer and moister air to the MOSAIC site.
This further favors the formation of liquid clouds (Figure
2¢), causing a strong cloud surface radiative effect (not
shown).

The synoptic situation 1 day later, on April 17, 12 UTC
(Figure 2d-f), is similar to the previous day, however with
the moist air intrusion deflected westward following the
cyclone moving across the Arctic and the blocking to the
east (Figure S2). In comparison to the previous day, trajec-
tories recirculate cyclonically in the Arctic once they pass
Ny-Alesund and drift over the sea ice. Along these trajec-
tories, the airmasses are subjected to radiative cooling and
drying during the 3 days prior to arrival at the MOSAiC
site. The air at Polarstern on April 17 is dry (Figure 2e)
without liquid clouds (Figure 2f) and the skin tempera-
ture drops temporarily below —15°C (Figure 3).

The 2 following events during the second warm epi-
sode are only 12 h apart. They are affected by different
synoptic systems and thus have different airmass path-
ways (Figure 2g-1). In comparison to the first warm epi-
sode, these air parcels take a more meridional pathway
following a warm airmass intrusion that reaches the
MOSAIC site after crossing the North Atlantic and passing
west of Svalbard. Four days prior to the second event
(April 19, 00 UTC), trajectories initialized from higher
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19 April,
00 UTC

Total column water vapor (kg m~2) Total column cloud liquid water (g m~2)

— 700 hPa — 800 hPa — 900 hPa ]

0 2 4 6 8 10 12 11020 40 60 80 100 200 300 400 500

Figure 2. Large scale setting on (a—c) April 16, 12 UTC, (d—f) April 17, 12 UTC, (g—i) April 19, 00 UTC, and (j-1)
April 19, 12 UTC along with trajectories initiated at MOSAIC (star) at 700 (blue), 800 (orange and black in
middle and right columns), and 900 (green) hPa with dots every 24 h and stars every 6 h (left column).
Atmospheric blocking (pink contour; hatched when blocked for 4 days), sea level pressure (SLP) (hPa, black contours
every 10 hPa; solid for SLP > 1,000 hPa) and sea-ice edge (sea ice concentration of 0.15; black thick line). Yellow stars
indicate sounding stations if located within 50-km distance from a trajectory. Middle panel shows total column water
vapor (kg m~2), 0°C at 2 m (purple solid) and SLP contours. Right column shows total column cloud liquid water (g
m~2). Note the larger geographical area in left column.
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Figure 3. Observed (solid lines) and reanalysis (dashed lines) near surface (at 2 m height) and skin
temperatures (°C, a), near surface specific humidity (g kg ', left axis in b) and wind speed at 10-m
height (m s ', right axis in b) during the TOP (targeted observing period, April 12-22, 2020) at the
MOSAIC site. Vertical dashed lines show the arrival times for the trajectories discussed in Sections 6.1-6.3, and
the dashed-dotted line is the arrival time for the trajectories discussed in Section 6.4. Sea ice cover of unity in the
reanalysis is marked with symbols along the time axes in (a).

pressure levels are located over the warm and moist North
Atlantic (Figure 2g). Air then moves northward, while
descending toward the surface (not shown) under the
influence of the blocking located over the UK (Figure
S3a, with similar position as in Figure 2a). Two cyclones,
originating northeast of North America, are related to the
low-pressure area over and west of Greenland that helps
guide the air parcels northward and the air parcels are
further steered by the blocks to the east.

On April 16 at 12 UTC, less than 3 days prior to arrival,
the pressure dipole across southern Greenland drives the
air parcels toward Greenland (Figure S3d similar to the
situation in Figure 2a). The air parcel initialized at 900
hPa reaches Tasiilaq station shortly after, ascends over
Greenland, and passes Summit station 2 days prior to
arrival, whereafter it descends east of Greenland and
passes Danmarkshavn station 1 day later (Figure 2g). The
2 lower pressure trajectories reach the south of Greenland
36 h before arrival, cross over the terrain and descend
following a more northerly pathway compared to the tra-
jectory closer to the surface.

The final warm event occurs half a day later, on April 19,
12 UTC (Figure 2j-1). Keeping almost the same pressure
during their whole journey, these air parcels take a more
easterly pathway, thus not crossing over Greenland but
instead following the coast before reaching the MOSAiC

site on April 19, 12 UTC (Figure 2j and Figure S4). These
trajectories are less influenced by the North-Atlantic
cyclones (not shown), rather they are guided by the block-
ing over the UK that moves northeast and merges with the
Ural blocking on April 18, 12 UTC (Figure S4g; similar to the
synoptic situation shown in Figure 2g). This large-scale
setting creates a clear meridional pathway for the warm
and moist airmass to reach deep into the Arctic. These air
parcels travel across the North Atlantic for several days, pass
the Keflavik station, and finally reach the ice edge 24 h
before arrival at Polarstern. The air parcel initialized at
800 hPa takes a small detour over the Ittogqortoormiit
station on Greenland before aligning with the other 2 tra-
jectories (Figure 2j). A cyclone forms at the MOSAIC site
less than 12 h before the final warm event (not shown),
helping the moist and warm air to reach the MOSAIC site,
again favoring liquid cloud formation (Figure 2k and I).

5. MOSAIC observations and evaluation

of ERAS

5.1. Near surface conditions

At the beginning of the TOP, the observed near surface
and skin temperatures at the MOSAIC site were around
—30°C with a diurnal cycle of 5°-8° (Figure 3a). At mid-
night going into April 14, the temperature starts to
increase, and at midday on April 16, the first maximum
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Table 2. MOSAIC observations; for more information, see Shupe et al. (2022)

Instrument

Measurement

Reference

ICERAD: radiometers, rapid gas sampler, and
meteorology package

10-m tower: sonic anemometer

Up- and downwelling broadband longwave and
shortwave surface radiation

Temperature, winds, humidity, sensible, and latent

Riihimaki (2019)

Cox et al. (2021)

heat flux

Combined: Ka-band ARM Zenith Radar, microwave
radiometers, micropulse lidar, ceilometer, and
radiosonde

Cloud liquid and ice water paths derived from
multiple measurements and a cloud classification
algorithm

Shupe (2022)

MOSAIC = Multidisciplinary drifting Observatory for the Study of Arctic Climate.

is reached with the skin temperature close to the melting
point for the snow-covered surface. The specific humidity
follows the shape of the temporal evolution of the tem-
perature. There is an abrupt drop in both variables late on
April 16 down to almost —20°C and about 1 g kg™! in
specific humidity (RH drops to 80% from near 100%, not
shown). On April 18, the temperature increases again,
however, the specific humidity does not reach as high as
on April 16, and after a short dip in both at 18 UTC April
18, the RH reaches almost 100% (not shown) and the skin
and surface air temperatures almost reach the melting
point 18 h later.

After the arrival of these episodes of warmer and
moister air, the temperature drops but only to about
—15°C, thus 15° warmer than at the beginning of the
TOP. The temperature does not go much below —15°C
for the rest of the spring; thus, this period marks a tran-
sition from winter to spring conditions (Shupe et al.,
2022). The wind speed does not covary with the temper-
ature; rather, the wind speed maxima (reaching over 10
m s~!) tends to lag the temperature maxima by 12-24 h
(Figure 3b). It is interesting to see how well ERA5 cap-
tures the wind speed (and direction, not shown), except
for the last 1.5 days when the reanalysis overestimates it
by about 5 m s~

During this period, the surface is slightly warmer than
the air above, indicating convective conditions in the
boundary layer (note that the sea ice cover is less than
100% at this time, Figure 3a). This general structure is
captured in the reanalysis, although the reanalysis tem-
peratures are warmer than those observed by about 2°C.
An earlier episode of observed convective conditions, after
the sudden drop in temperature on April 16, is not seen in
the reanalysis. During the initial days prior to the intru-
sion events, the reanalysis is about 5°C warmer than
observations, and there is a lag in reanalysis temperature
changes during the majority of the TOP. These surface
temperature biases are most likely due to the simplified
treatment of the sea ice in ERA5, which has a layer of ice
with constant thickness and no insulating snow layer
(Vihma et al., 2002; Batrak and Miiller, 2019; Arduini et
al., 2022).

Next, we examine cloud liquid and ice water paths as
derived from remote sensing (Table 2) and from ERA5
(Figure 4) and how the phase of the clouds influences

the surface energy budget (Figure 5). As the TOP was
during polar day, solar radiation reaches the surface dur-
ing all hours, although some of it is reflected/absorbed
by liquid and ice clouds. The surface reflects the majority
of incident solar radiation as the observed albedo is
above 0.8 with no clear change during the TOP (not
shown). Liquid and mixed-phase clouds (Figure 4) alter
the downwelling longwave radiation substantially (Fig-
ure 5) and, as expected, reduce the net loss of energy at
the surface. Combining the net radiative fluxes with the
turbulent fluxes, we have the total energy budget at the
surface where the net input of energy to the surface
during these warm air advection events can clearly be
seen (Figure 6).

Most of the time, the net energy in ERA5 agrees
remarkably well with the observations. For the first 2 days,
there is a net loss of energy at the surface with a clear
diurnal cycle, with ERA5 showing about 20 W m~* more
surface cooling than the observations (Figure 6). The tur-
bulent heat fluxes are generally quite small both in obser-
vations and ERA5 during these 2 days (Figure 6a) and not
much cloud liquid or ice is present (Figure 4). On April 13
and 14, there are larger turbulent fluxes. The observations
on April 13, however, show a downward sensible heat flux
while ERA5 shows upward flux, with the opposite being
true on April 14.

ERA5 has a sea ice concentration of unity up until late
on April 13, and at this time, the sign of the turbulent
sensible heat fluxes changes in both observations and
ERA5. The sea ice concentration stays below unity during
the whole first warm air intrusion, likely as a combined
effect of wind-driven sea ice dynamics and the large down-
ward sensible heat flux, particularly on April 16, prevent-
ing refreezing of leads probably opened by the wind (Aue
et al., 2022). The ERA5 turbulent fluxes are substantially
overestimated, which does not seem to be related to
biases in wind shear (Figure 3). One contributing factor
to the poor estimate of turbulent heat fluxes in ERA5 is
likely to be the representation of scalar roughness over sea
ice (Elvidge et al., 2021; Elvidge et al., 2023) as well as the
fact that the observations and the reanalysis are differ-
ently influenced by the presence of leads. Nevertheless,
the resulting net surface energy (radiative and turbulent
fluxes) bias in the reanalysis, of about 50 W m~2, is most
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N
o
(@)

Radiative energy flux (W m'2)

o

17 18 19 20 21 22
April 2020

Figure 5. Observed (solid circles) and reanalysis (dashed line) components of the radiative fluxes (W m?)
during the targeted observing period (April 12-22, 2020).

pronounced around the times of the maxima in surface
temperature (Figure 6).

During the colder period between the two main warm
air pulses, the sea ice concentration is unity again and
there is a net loss of energy at the surface in both observa-
tions and reanalysis. During the following pulse of warm
air, the turbulent fluxes are again overestimated by ERA5
leading to an excess input of energy to the surface.

Interestingly, during the last 24 h of the event, the obser-
vations show larger upward turbulent sensible heat fluxes
than the reanalysis although the latent heat flux is con-
siderably overestimated in the reanalysis. This is during
the period when the reanalysis wind speed is greater than
the observations (Figure 3b) leading to more well-mixed
conditions (Figure 3a) and less surface sensible heat flux
despite the likely stronger turbulent mixing.
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Figure 6. Observed (solid line) and reanalysis (dashed line) turbulent surface heat fluxes (W m~

2, a) and net

surface radiative flux and net surface energy flux (sum of radiative and turbulent heat fluxes, W m 2, b)
during the targeted observing period (April 12-22, 2020). All fluxes are positive toward the surface. Sea ice
cover of unity in the reanalysis is marked with symbols along the time axes in (a).

5.2. Vertical structure

The magnitudes of turbulent surface flux are the product
of turbulence, which varies with the stability regime, and
the near surface vertical gradients of temperature and
specific humidity. Averaged over the whole TOP, the rea-
nalysis agrees well with the observed vertical structure of
temperature, humidity, and wind speed (black lines in
Figure 7) above the local boundary layer, which is
expected as the high-resolution soundings were assimi-
lated. The mean profiles show the typical Arctic inversion
with a maximum temperature in the 300-1,000 m layer
and stable stratification below all the way to the surface in
the reanalysis.

The observed mean profile and the reanalysis deviate
from each other below 300 m, where the vertical struc-
ture is more important for the surface generated turbu-
lence. The mean observed potential temperature
structure is unstable below 40 m (not shown), a feature
not seen in the reanalysis. During the coldest period,
however, the lower layers are more stably stratified in
the observations than in ERA5 (Figure 7a). Data assim-
ilation influences the lower atmosphere less, so devia-
tions are not surprising. Most pronounced is the
difference in mean wind speed (Figure 7c), where ERA5
features higher wind speeds by about 2 m s~! below 100
m,; part of this could be the influence of flow distortion
around the ship from which the soundings were
released.

A closer look at the vertical structure at specific times
during the TOP shows that all profiles have a temperature
maximum at a height above 300 m as in the mean profile
(Figure 7), but it is also clear that the vertical structure
below this temperature maximum varies substantially and
the bias in ERAS is larger for the colder boundary layers.
At the beginning of the TOP, the observed boundary layer
is stably stratified, very cold and dry, and with weak winds.
ERAS5 is slightly warmer and has a well-mixed boundary
layer.

There is the signature of a low-level cloud present in
both observations and reanalysis, which agrees with the
cloud ice and liquid water paths in Figure 4. The temper-
ature and humidity profiles in the cloud layer are quite
different and the reanalysis has an above-cloud moisture
inversion that is too dry.

The first intrusion arrives at the MOSAIC site on April
16 and the 12 UTC sounding is warmer and moister than
the mean profile below 3 km, with the maximum differ-
ence toward the surface in both observations and reana-
lysis. The observed wind profile has more shear than the
reanalysis over the layer 30-200 m. This is in line with
Jakobson et al. (2012), where 5 reanalyses show less shear
than tethersonde data in the lowermost 120 m over Arctic
Sea ice. All warm air intrusions come with stronger winds
aloft. On April 16, the observations show a near-neutral
layer closest to the surface, while there is a more compli-
cated structure in the observations during April 19. The
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Figure 7. Observed (solid line) and reanalysis (dashed line) vertical profiles of temperature (°C, a), specific
humidity (g kg, b) and wind speed (m s, c) at specific times (colors, see legend in c) and averaged (black)
over the targeted observing period (April 12-22, 2020). Note the logarithmic scale.

warmer profiles are also moister, except for 00 UTC April
19 when the airmass passes over and descends in the lee
of Greenland (see Section 4). The moisture content at that
time is close to the average above 1 km, while below this
height, the observed profiles show a clear increase in spe-
cific humidity and the signature of a cloud layer with
cloud top cooling and a well-mixed wind profile between
300 and 800 m.

The 2 profiles on April 19 are both very warm above 1
km, but only the latter is moist. That profile has an
increased moisture content in several distinct layers that
are smeared out in the assimilation process in the reanaly-
sis. The profiles at 12 UTC April 21 present big differences
between the observations and reanalysis, especially in the
upper part of the humidity profile. This is the period when
the near surface variables also show biases (see Section 5.1).

The overall impression is that ERA5 is able to capture
many of the observed temporal changes during the TOP,
which indicates that the synoptic scale evolution is repre-
sented rather well. Even the temporal evolution in liquid
and ice water paths is reproduced (Figure 4). When
examining the magnitudes, it is clear that there are
biases in cloud properties at times that then lead to
biases in radiative fluxes. The largest biases are seen in
the turbulent surface heat fluxes that at times have
opposite signs (Figure 6). Part of these problems can
be attributed to the simplified treatment of sea ice in
ERAS5 (Vihma et al., 2002; Batrak and Miiller, 2019; Ardu-
ini et al., 2022) but possibly also to issues with represent-
ing the near surface vertical structure (e.g., Tjernstrom et
al., 2021) or surface scalar exchange (e.g., Elvidge et al.,
2021; Elvidge et al., 2023).
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6. Lagrangian analysis of warm air pathways
to the MOSAIC site
To further understand the history and transformation of
the airmass that arrived at the MOSAIC site at a certain
time, we analyze the interpolated column following one
of the trajectories. Figures 8—10 present the atmospheric
column following the position of the back trajectories
arriving at 800 hPa above MOSAIC at 12 UTC on April
16 and 00 and 12 UTC on April 19, respectively (orange
lines, Figure 2a, g, and j). We follow the trajectories 48 h
back in time and document the vertical displacement of
the air parcel (black stars) as well as the diagnosed bound-
ary layer height (dashed lines), terrain height (white area),
and presence of sea-ice (black stars at sea level). Near-
surface parameters, cloud liquid water and ice water
paths, surface energy budget terms, and sea-ice concentra-
tion are also interpolated along the tracks (Figure 11).
As discussed in Section 4, the trajectories below 700
hPa follow approximately the same path for the final days
before arriving at the MOSAIC site. The actual distance
they travel can be quite different as the wind speed
increases with height. Generally, the surface energy flux
terms show the same variability over distance, regardless
of the time they passed the same physical location (Figure
12). The exception is the solar radiation as it varies over
the diurnal cycle. The same is not true for the integrated
cloud water and ice content, which show more variation.
The trajectories selected for the more detailed analysis are
represented by the thicker lines in Figure 12, and the
time axis for that trajectory is illustrated by the dashed
vertical lines every 12 h. It is thus important to consider
that the advective wind speed is quite different in time
and among the 3 cases presented in Figures 8-10.

6.1. Trajectory ending at 12 UTC April 16, 2020

First, we follow the air column that reaches the MOSAIC
site at 12 UTC on April 16 (Figure 2a) at the time of the
first peak in near surface temperature (Figure 3). When
the air leaves the Norwegian coast at about 42 h prior to
arrival, the lowest 3 km of the atmosphere are warm,
moist, and have liquid and ice clouds that are situated
above the almost 1-km deep boundary layer (Figure 8a
and b). Halfway to Svalbard, about 24 h before the arrival
at the MOSAIC site, the clouds and humidity above the
boundary layer decrease substantially due to precipitation
(not shown), as evident in the integrated liquid and ice
water content (Figure 11a). The Norwegian Sea is rela-
tively warm; thus, the near surface temperature is well
above zero (Figures 8a and 11a).

The near surface moisture increases until the airmass
passes over the marginal sea ice south of Svalbard, after
which the near-surface temperature drops below freezing
(Figure 11a). In this region, there is a low-level jet (Figure
8c¢), and when the air is forced to pass the rather steep
terrain of Svalbard, clouds form but then evaporate on the
lee side (Figure 8b). The near-surface temperature
increases slightly with downslope flow in the lee of Sval-
bard but then cools as it moves further northward over the
sea ice pack (Figure 11a).
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Figure 8. Contour plots along the back-trajectory
initiated at 12 UTC April 16, 2020 for (a)
temperature (°C), (b) specific humidity (g kg ')
and cloud liquid and ice content (black and white
contours, respectively, from 0.01 in intervals of
0.02 g kg™ '), and (c) wind speed (m s~') and wind
direction (degrees, white contours). The air column is
following the position of the trajectory initiated at 800 hPa
(black stars) that changes altitude due to vertical motions
(®, Pa s~") with contour lines in panel (a) with white for
upward motion and black for downward (intervals of 0.1
Pa). Also shown in all panels are the terrain height (white
area), ERA5 diagnosed boundary-layer height (m, thick
black dashed line) and white vertical dashed lines
indicate noon and midnight UTC. Sea ice concentration
above 0.15 is shown with black stars in (b).
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Figure 9. Contour plots along the back-trajectory
initiated at 00 UTC April 19, 2020 for (a)
temperature (°C), (b) specific humidity (g kg ')
and cloud liquid and ice content (black and white
contours, respectively, from 0.01 in intervals of
0.02 g kg~ '), and (c) wind speed (m s~') and wind
direction (degrees, white contours). The air column is
following the position of the trajectory initiated at 800 hPa
(black stars) that changes altitude due to vertical motions
(®, Pa s~") with contour lines in panel (a) with white for
upward motion and black for downward (intervals of 0.1
Pa). Also shown in all panels are the terrain height (white
area), ERA5 diagnosed boundary-layer height (m, thick
black dashed line) and white vertical dashed lines
indicate noon and midnight UTC. Sea ice concentration
above 0.15 is shown with black stars in (b).

Figure 10. Contour plots along the back-trajectory

initiated at 12 UTC April 19, 2020 for (a)
temperature (°C), (b) specific humidity (g kg ')
and cloud liquid and ice content (black and white
contours, respectively, from 0.01 in intervals of
0.02 g kg '), and (c) wind speed (m s~ ') and wind
direction (degrees, white contours). The air column is
following the position of the trajectory initiated at 800 hPa
(black stars) that changes altitude due to vertical motions
(@, Pas~") with contour lines in panel (a) with white for
upward motion and black for downward (intervals of 0.1
Pa). Also shown in all panels are the terrain height (white
area), ERA5 diagnosed boundary-layer height (m, thick
black dashed line) and white vertical dashed lines
indicate noon and midnight UTC. Sea ice concentration
above 0.15 is shown with black stars in (b).
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Figure 11. Components of (color) and net (black)
surface energy budget (left top axis, W m2), sea
ice concentration (black stars, right top axis),
temperature and specific humidity at 10 m (left
bottom axis, °C and g kg ', respectively), and
liquid and ice water paths (right bottom axis, kg
m %) along back trajectories originating at 800
hPa on (a) 12 UTC April 16, (b) 00 UTC April 16,
and (c) 12 UTC April 19. Note that the axes are
different. The symbols illustrate the 1-h resolution of
the data.

During the last 6 h before reaching the MOSAIC site,
a mostly liquid cloud forms below about 1 km, and the
atmospheric temperature decreases but the boundary
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Figure 12. Components of (color) and net (black)

surface energy budget (upper panel, W m2) and
liquid and ice water paths (lower panel, kg m2)
along with sea ice concentration plotted with
distance from the initial point at 700, 800, 850, and
900 hPa on (a) 12 UTC April 16, (b) 00 UTC April 16,
and (c) 12 UTC April 19.The thick line and larger marker
for the sea ice concentration are for the trajectory
originating at 800 hPa, that is, the same as in Figure 11.

layer stays rather deep as the winds are fairly strong
(Figure 8b and c). The thick clouds block much of the
incident solar radiation, such that shortwave and
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longwave radiative fluxes effectively balance each other
(Figure 11a). As a result, the large sensible heat flux is
approximately equal to the net surface energy flux, with
a substantial positive input to the surface for this stretch
over sea ice. The latent heat flux is generally small over the
sea ice but larger over the Nordic Seas, where weak winds
lead to slow airmass advection (Figures 11a and 12a).

Overall, the underlying surface seems to strongly deter-
mine the net energy budget, especially over the sea ice
between the MOSAIC site and Svalbard. However, the
exact path that the airmass takes over Svalbard results
in differences in the integrated cloud liquid water and its
influence on the net longwave radiation is substantial
(Figure 12a).

6.2. Trajectory ending at 00 UTC April 19, 2020

Two days before the arrival at the MOSAIC site during the
second episode, the 800 hPa trajectory is well south of
Greenland (Figure 2g). The advection is fast until it
crosses the coastline at about —36 h; then, the airmass
takes about 12 h to reach the summit (Figure 9c), which
is a distance of about 900 km (Figure 12). The air that
reaches Greenland is warm and moist with deep liquid
clouds that precipitate out much of the column water as
the airmass ascends the slope (Figure 9a and b).

The diagnosed boundary layer is very shallow going up
the slope. The wind speed increases at the top of the ice
sheet, and the sensible heat input to the surface increases
from an already rather high positive value (Figures 11b
and 12b). On the down-slope side, the atmospheric col-
umn is considerably drier, and the clouds are almost dis-
sipated, but a layer with very warm air between 1 and 2
km remains. The wind weakens during this downslope
flow, and as a result, the boundary layer becomes
extremely shallow again with diminishing turbulent heat
fluxes.

Near the coastal transition, the negative net longwave
radiation is balanced by the solar radiation, resulting in
a net energy budget near zero. Once the airmass reaches
the broken sea ice north of Greenland, the sensible and
latent turbulent fluxes provide heat and moisture to the
lower layers (Figure 11b). Extending north from that
point, a boundary layer liquid cloud is formed, and the
turbulent fluxes shift sign and the net energy becomes
positive (Figures 9b and 11b). The trajectories passing
over Greenland have more variation in the surface energy
budget terms and, the cloud liquid and ice water paths,
than the ones passing over the ocean (Figure 12b), how-
ever, north of the land mass, they all converge.

Once the airmass reaches the location of MOSAIC, there
is still a warm (but dry) layer between 1 and 2 km (Figure
7a and b) that originated from the very warm and moist
low-level airmass south of Greenland. The boundary layer
moistening below approximately 800 m at the MOSAIC
site seems to come from a longer path trajectory at lower
levels that flows over the partly ice-covered ocean (green
trajectory in Figure 2g). It is most likely the lower cloud
that causes the observed increase in downwelling long-
wave radiation (Figure 5).
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6.3. Trajectory ending at 12 UTC April 19, 2020

At the time of the maximum observed temperature at
midday on April 19 (Figure 3), the rapid transport is from
the south along the Greenland coast (Figure 2j). The air is
warm and moist both near the surface and in a layer above
the boundary layer (Figure 10a and b) at the MOSAIC site
(Figure 7). The advection is so fast that the trajectory
initiated at 800 hPa is outside of the area of interest
already at —45 hours, covering almost 4,000 km, while
the previously discussed airmasses travel considerably
shorter distances over the same time (Figure 12). Again,
the correspondence of the surface energy budget terms
with the underlying surface is evident and the fetch over
sea ice is much longer (Figure 12c).

The vertical wind field is also variable and closer exam-
ination reveals that the trajectory actually passes over
coastal land twice between —30 and —18 h (Figure
10a), over the western edge of Iceland and the Greenland
coast (Figure 2j-I). The trajectory lifts about 1,000 m
before —24 h and the clouds (mostly liquid) deepen to
5 km before evaporating (Figure 10b) in the strong sub-
sidence region between —24 and —18 h (Figure 10a). The
boundary layer depth also changes considerably from >1
km depth in the south to about half of that in the north
(Figure 10) with a minimum in between coinciding with
lower wind speeds (Figure 10c).

During the last 10 h before arriving at the MOSAIC site,
a low-level liquid cloud is present. It cools radiatively but
not enough to make the whole layer below turbulent in
ERAS5 (not shown). Near-surface layers remain stably strat-
ified along the entire trajectory with substantial down-
ward sensible heat fluxes. There is a considerable net
energy input to the surface over the sea ice when the low
cloud reduces the surface cooling, which results in a net
longwave radiation close to zero and only a small contri-
bution from the shortwave radiation (Figure 11c).

6.4. Matching trajectories with soundings ending at
18 UTC April 18, 2020

Following a trajectory back in time, comparisons against
observations are possible when it passes over or near obser-
vational sites, such as the sounding stations mentioned in
Section 4. The time of focus here aligns with a brief tem-
perature decrease during the second warm episode (Figure
3), and with the fortuitous passing of the trajectory over 4
sounding stations at different stages of the airmass trans-
formation process (Figure 13). The airmasses pass over
Greenland (Figure 13c) and those at 700 and 800 hPa
travel quite similar paths, both passing over Tasiilaq when
crossing the coastline, but with different speeds.

The profiles upstream of Greenland show a warm and
moist marine airmass, except for the near-surface layer
where the observations are influenced by the most likely
snow-covered land surface (Figure 13). When reaching
Summit station, most of the moisture has been removed
and the air has less than 1 g kg=! of water vapor and
temperatures below —20°C. The 700 hPa trajectory’s clos-
est match at this sounding time is further north (Figure
13c) and has the same vertical structure but is warmer
and moister (Figure 13a and b). Both ERA5 profiles show
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Figure 13. Vertical profiles of (a) temperature (°C) and (b) specific humidity (g kg~ ') at times when back
trajectories originating at 700 (dotted) and 800 hPa (dashed) at 18 UTC on April 18, 2020 pass close (gray
and black lines and stars for trajectories originating at 700 and 800 hPa) in panel c, respectively, to the
observational stations (colored stars). The solid lines in panels (a) and (b) are observations at the MOSAIC (black)

and the sounding stations colored as in panel (c).

surface inversions, as indicated by the observations, but
they are deeper and less defined and without the observed
low-level jet (not shown).

Right before the 800-hPa trajectory leaves Greenland at
Danmarkshavn (Figure 13c), the temperatures are consid-
erably warmer due to the subsiding motion, but the spe-
cific humidity values remain about 1 g kg~!. The more
northerly trajectory is still some distance from the coast
where the profile is now generally colder and drier. Both
ERAS5 profiles show surface inversions while the observa-
tions show a shallow well-mixed boundary layer below
100 m. Finally at the MOSAIC site, there is indication of
a well-mixed, likely cloud topped, boundary layer in both
observations and ERA5 with a slight increase in the
humidity below 500 m. ERA5 is both warmer and moister
in this layer.

The overall good agreement between the observed and
ERAS5 profiles is not surprising as they are not indepen-
dent data. There are differences in the boundary layer
structures, which in turn influence the stability and
thereby the turbulent fluxes at the surface. The analysis
along the trajectory clearly shows that the airmass trans-
formation is quite dramatic when the air passes over
Greenland in a fohn type of flow.

7. Conclusions

Meridional transport of heat to the high Arctic is a neces-
sary component of the climate system. The episodic trans-
port that brings warm, and often moist, air to the region
has implications for the coupled atmosphere-sea ice-ocean
system. An interesting period of such episodes, April 12—
22, 2020, is defined as a YOPP TOP during the MOSAIC
year (Shupe et al., 2022). This period represents the first

time during the spring of 2020 that the atmospheric cir-
culation favors meridional transport from the Atlantic.
During these episodes, surface temperature near the melt-
ing point was observed, though this was not the start of
the persistent sea ice melt season. The period did, how-
ever, mark a transition from a cold, winter regime with
temperatures considerably below —20°C to a spring tran-
sition season with temperatures typically above —20°C
(e.g., Shupe et al., 2022).

The period is analyzed using a Lagrangian perspective
with the aim to find novel ways to evaluate and improve
weather forecast and climate models in polar regions as
discussed in Pithan et al. (2018). In this case, fortuitous
comparisons of the airmass transformation processes at
multiple points along Lagrangian trajectories provide
strong context for downstream evaluation of more
detailed processes (clouds, energy fluxes) at a fixed
location.

A large-scale analysis combining trajectories, cyclone
tracks, and blocking frequencies illustrates the compo-
nents of the flow that allow for rapid meridional transport
of warm and moist air to the Arctic. Typically, a dipole
pressure pattern forms an advection corridor that guides
the air. It is interesting to see that the transport, as
depicted by back trajectories initiated at different heights
from the surface to 700 hPa, follows the same general
path. This feature allows for analysis of column airmass
transformations along one of the trajectories. This vertical
alignment prior to entering the high Arctic has been
noted before (e.g., Ali and Pithan, 2020) and the mechan-
isms facilitating this merit further investigation.

The airmasses leading to the first temperature peak at
the MOSAIC site on April 16 take a route across the
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Atlantic, turning at the Norwegian coast and then crossing
the Nordic Seas before reaching the observational site.
Analysis of the column following the position of the back
trajectory initiated at 800 hPa shows an airmass that is
moist and warm in the lower 3—4 km when leaving the
Norwegian coast. More moisture and heat are added to
the airmass as it moves north from the relatively warmer
ocean, before the near-surface cooling intensifies when
the airmass advects over the sea ice and a low-level cloud
forms.

After the first event, the temperature at the MOSAIC
site temporarily drops as the site is influenced by air that
has resided over the ice for a longer time. The large-scale
pressure dipole shifts more to the west and an advection
path sets up from the south and across Greenland point-
ing to the MOSAIC site. As the air passes over the ice sheet,
clouds form and moisture precipitates out, which results
in a warm, yet dry, airmass that leaves the northern edge
of Greenland. Once the airmass is over the ocean and the
marginal sea ice zone, the lower portion of the air
becomes moister and a shallow liquid cloud forms. The
surface warms due to increased longwave radiation to the
surface from clouds.

Over the following 12 h, the large-scale circulation shifts
slightly, so that the meridional flow now is over the mostly
sea ice covered ocean along the east Greenland coast. This
circulation pattern leads to the highest surface tempera-
tures observed during the YOPP TOP at the MOSAIC site,
almost triggering surface melt. The air is warm and moist in
a much deeper layer than earlier in the period.

The analysis along trajectories is based on ERA5 rea-
nalysis fields. Some variables are qualitatively evaluated
using observations at the MOSAIC site and at a few other
sounding stations along the airmass trajectories. The ver-
tical structure of the state variables, temperature, humid-
ity, and wind speed and direction, are generally well
captured, although differences are larger in the boundary
layer, possibly partly explained by the coastal locations of
the sounding stations with contrasting surface condi-
tions. The temporal evolution of the wind speed and
direction agrees well with observations at the MOSAIC
site even though the thermodynamic variables have con-
siderable biases and the sensible heat flux is substantially
overestimated around the times of maximum advection
of warm air.

The presented time period is dynamically quite active
and thus challenging for models to represent properly.
Nevertheless, as the analyzed trajectories do line up verti-
cally, we propose that airmass transformation can be stud-
ied in a Lagrangian framework during this case as
suggested in Pithan et al. (2018). This perspective provides
information on how processes evolve with time, some-
thing that is not possible to address with observations at
only 1 location.

Further study of the YOPP TOP is motivated by a range
of scientific questions and already established issues with
the representation of small-scale processes in numerical
weather prediction and climate models. These are related
to representing the fractional ice, snow on land and ice,
surface turbulent fluxes, cloud and cloud phase, and their
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impact on radiation, vertical structure in atmosphere and
upper ocean (e.g., Vihma et al., 2002; Svensson and Karls-
son, 2011; Holtslag et al., 2013; llcak et al., 2016; Pithan et
al., 2016; Elvidge et al., 2021; Inoue et al., 2021; Renfrew
et al., 2021; Tjernstrom et al., 2021; Solomon et al., 2023).
A wealth of additional process observations are available
from key projects like MOSAIC (Shupe et al., 2022) and
COMBLE (Geerts et al., 2022), as well as long-term
research stations Sodankyld, Greenland Summit station,
and Ny Alesund, which combined with additional TOP
trajectories that pass over these locations provide unique
opportunities for novel model analyses and provide a valu-
able step toward improving numerical weather prediction
and climate models.

The overall performance of the state-of-the-art numeri-
cal weather prediction and climate models depends on how
the various parameterizations act together, how they are
coupled to the dynamical core, and all techniques utilized
to numerically solve the complex system. The evaluation of
these convoluted codes, while aiming for improved process
representation, calls for new methodologies and tools, such
as coupled single column models (AOSCMs, e.g., Hartung et
al,, 2018), nudged climate model simulations (e.g., Pithan et
al,, 2022), and more advanced Lagrangian analysis as pre-
sented here following the ideas in Pithan et al. (2018). The
impact of these complex dynamical situations, with their
resulting meridional flow, is important for the representa-
tion of Arctic climate (e.g., Murto, 2022) and climate
change (e.g., Pithan and Mauritsen, 2014). These are also
the situations when numerical weather prediction forecasts
are very sensitive to observational coverage in the Euro-
Arctic (e.g., Day et al.,, 2019).

Data accessibility statement

Observational data were collected as part of the interna-
tional Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAIC) with tags MOSAiC20192020
and AWI-PS122-00. Surface meteorology and turbulent
heat fluxes were measured by the University of Colorado/
NOAA surface flux team and are available for download
from the Arctic Data Center (https://arcticdata.io). Surface
radiation measurements were obtained from the Atmo-
spheric Radiation Measurement (ARM) User Facility,
a U.S. Department of Energy Office of Science User Facility
Managed by the Biological and Environmental Research
Program. The Cold-Air Outbreaks in the Marine Boundary
Layer Experiment and Greenland summit data are also
available for download from the ARM Archive (https://
www.arm.gov/data). The ERA5 reanalysis fields are avail-
able from the Copernicus Climate Data Store (https://cds.
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Supplemental files
The supplemental files for this article can be found as
follows:

The analysis of the large-scale circulation in Section 4 is
supported by additional Figures S1-S4 that show the 4-
day evolution per half-a-day time steps leading up to the
situations presented in Figure 2.
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