Atmos. Chem. Phys., 24, 8007-8029, 2024 Atmospheric
https://doi.org/10.5194/acp-24-8007-2024 :

© Author(s) 2024. This work is distributed under Chemls.try
the Creative Commons Attribution 4.0 License. and Physics

Contrasting extremely warm and long-lasting cold air
anomalies in the North Atlantic sector of the Arctic
during the HALO-(.AC)? campaign

Andreas Walbrol', Janosch Michaelis>>, Sebastian Becker*, Henning Dorff>, Kerstin Ebell’,
Irina Gorodetskaya®’, Bernd Heinold®, Benjamin Kirbus*, Melanie Lauer', Nina Maherndl*,
Marion Maturilli’, Johanna Mayer'?, Hanno Miiller®, Roel A. J. Neggers', Fiona M. Paulus',

Johannes Rottenbacher®, Janna E. Riickert!!, Imke Schirmacher', Nils Skittberg®, André Ehrlich?,
Manfred Wendisch*, and Susanne Crewell'

Unstitute for Geophysics and Meteorology, University of Cologne, Cologne, Germany
2 Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Bremerhaven, Germany
3Maritime Klimatologie, Maritim-klimatologische Analysen und Produkte,
Deutscher Wetterdienst (DWD), Hamburg, Germany
“Leipzig Institute for Meteorology, Leipzig University, Leipzig, Germany
>Meteorological Institute of Hamburg, University of Hamburg, Hamburg, Germany
Centre for Environmental and Marine Studies, University of Aveiro, Aveiro, Portugal
Interdisciplinary Centre of Marine and Environmental Research (CIIMAR),
University of Porto, Matosinhos, Portugal
8eibniz-Institut fiir Troposphirenforschung (TROPOS), Leipzig, Germany
9 Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Potsdam, Germany
10German Aerospace Centre (Deutsches Zentrum fiir Luft- und Raumfahrt — DLR),
Oberpfaffenhofen, Germany
Upnstitute of Environmental Physics, University of Bremen, Bremen, Germany

Correspondence: Andreas Walbrol (a.walbroel @uni-koeln.de)

Received: 5 April 2023 — Discussion started: 13 April 2023
Revised: 14 May 2024 — Accepted: 16 May 2024 — Published: 15 July 2024

Abstract. How air masses transform during meridional transport into and out of the Arctic is not well repre-
sented by numerical models. The airborne field campaign HALO-(AC)? applied the High Altitude and Long-
range Research Aircraft (HALO) within the framework of the collaborative research project on Arctic amplifica-
tion (AC)? to address this question by providing a comprehensive observational basis. The campaign took place
from 7 March to 12 April 2022 in the North Atlantic sector of the Arctic, a main gateway of atmospheric transport
into and out of the Arctic. Here, we investigate to which degree the meteorological and sea ice conditions during
the campaign align with the long-term climatology (1979-2022). For this purpose, we use the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis v5 (ERAS), satellite data, and measurements at Ny-
Alesund, including atmospheric soundings. The observations and reanalysis data revealed two distinct periods
with different weather conditions during HALO-(AC)?: the campaign started with a warm period (11-20 March
2022) where strong southerly winds prevailed that caused poleward transport of warm and moist air masses,
so-called moist and warm air intrusions (WAIs). Two WAI events were identified as atmospheric rivers (ARs),
which are narrow bands of strong moisture transport. These warm and moist air masses caused the highest mea-
sured 2 m temperatures (5.5 °C) and daily precipitation rates (42mmd~!) at Ny-Alesund for March since the
beginning of the record (1993). Over the sea ice northwest of Svalbard, ERAS indicated record-breaking rain-
fall. After the passage of a strong cyclone on 21 March 2022, a cold period followed. Northerly winds advected
cold air into the Fram Strait, causing marine cold air outbreaks (MCAOs) until the end of the campaign. This
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second phase included one of the longest MCAO events found in the ERAS record (19 d). On average, the entire
campaign period was warmer than the climatological mean due to the strong influence of the ARs. In the Fram
Strait, the sea ice concentration was well within the climatological variability over the entire campaign duration.
However, during the warm period, a large polynya opened northeast of Svalbard, untypical for this season. Com-
pared to previous airborne field campaigns focusing on the evolution of (mixed-phase) clouds, a larger variety
of MCAO conditions was observed during HALO-(AC)>. In summary, air mass transport into and out of the
Arctic was more pronounced than usual, providing exciting prospects for studying air mass transformation using

HALO-(AC)3.

1 Introduction

Currently, the Arctic is experiencing a drastic temperature in-
crease, which is up to 4 times stronger compared to the rest
of the globe (Rantanen et al., 2022). This enhanced Arctic
warming is one of the most obvious signs of Arctic amplifi-
cation, which is caused by numerous feedback mechanisms
(Serreze et al., 2009; Screen and Simmonds, 2010; Serreze
and Barry, 2011). While the contributions of some feedback
mechanisms to Arctic amplification can be regarded as scien-
tific consensus (e.g., sea ice—albedo feedback, Serreze et al.,
2009), others are not yet sufficiently explored (e.g., influence
of clouds, lapse-rate feedback, Wendisch et al., 2023). The
role of linkages between Arctic and mid latitudes especially
is still under debate. Moist and warm air intrusions (WAISs)
transport large amounts of heat and moisture into the Arc-
tic through the Atlantic sector (Woods and Caballero, 2016).
Over the past decades, the frequency of meridional trans-
ports through the North Atlantic has increased due to more
frequent atmospheric blocking over the Barents Sea (Mewes
and Jacobi, 2019; You et al., 2022). Woods et al. (2013) and
Woods and Caballero (2016) found that intense WAIs may
have a large effect on the downward thermal-infrared radia-
tion at the surface, contributing to the enhanced warming of
the Arctic. Furthermore, WAIs precondition the sea ice for
the melting season, resulting in a lower sea ice extent at the
end of the summer (Kapsch et al., 2013, 2019). Numerical
models struggle to accurately represent mixed-phase clouds
and the transformation processes of the meridionally trans-
ported air masses (Pithan et al., 2014; Cohen et al., 2020).

WALIs are often linked with filaments of strong moisture
transport, known as atmospheric rivers (ARs, Newell et al.,
1992). ARs are responsible for over 90 % of the poleward
moisture transport across the mid latitudes and are frequently
accompanied by strong winds and precipitation (Nash et al.,
2018). While the precipitation related to ARs can cause snow
accumulation in the Arctic, the enhanced emission of down-
ward thermal-infrared radiation by clouds can lead to melting
of snow and sea ice (Neff et al., 2014; Komatsu et al., 2018;
Mattingly et al., 2018, 2020; Bresson et al., 2022; Viceto et
al., 2022). In a warming climate, ARs are expected to shift
polewards and to intensify due to the increased moisture load
(Ma et al., 2020).
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Cold air outbreaks (CAOs) are often responsible for severe
weather events at the high and mid latitudes and mainly oc-
cur in winter and spring (Fletcher et al., 2016; Pithan et al.,
2018). During marine CAOs (MCAOs), cold and dry air is
advected southwards from the sea ice to the ice-free (open)
ocean. Over the open ocean, the strong temperature contrast
between the surface and the lower-tropospheric air leads to
intense fluxes of sensible and latent heat, responsible for
60 %—80 % of the oceanic heat losses in that region (Papritz
and Spengler, 2017). This heat and moisture transfer into the
atmosphere destabilizes the atmospheric boundary layer and
leads to the formation of cloud streets, which later develop
into open cloud structures. This cloud evolution is difficult to
capture by atmospheric models (Pithan et al., 2018), motivat-
ing dedicated measurement campaigns (Geerts et al., 2022;
Lloyd et al., 2018).

So far, observations of air mass transformations in the Arc-
tic have mostly been conducted from a fixed local position
(Eulerian view). Only a few aircraft-based samplings of air
mass properties over a limited regional area have been re-
ported (e.g., Wendisch et al., 2019; Mech et al., 2022). To ob-
serve air mass transformations along their meridional path-
way in a Eulerian view, multiple stations that are aligned
with the wind direction would be needed. Therefore, Pithan
et al. (2018) proposed a quasi-Lagrangian approach follow-
ing air masses to and from the Arctic. This motivated the
field campaign HALO-(AC)? within the Transregional Col-
laborative Research Center TRR 172 “Arctic amplification:
Climate Relevant Atmospheric and Surface Processes and
Feedback Mechanisms (AC)>”. The campaign was designed
to obtain quasi-Lagrangian observational data of air mass
transformations during WAIs and MCAOs to gain process
understanding and evaluate the performance of weather and
climate models (Wendisch et al., 2021, 2024).

During HALO-(AC)?, extensive remote sensing and in situ
measurements of surface, cloud, and thermodynamic prop-
erties were performed between the Norwegian Sea and the
North Pole from 11 March to 12 April 2022 using three
research aircraft (HALO, Polar 5, and Polar 6). The High
Altitude and Long-range Research Aircraft (HALO) oper-
ated by the German Aerospace Centre (Ziereis and Glifer,
2006; Stevens et al., 2019) is a modified Gulfstream G550. It
has an operating range of 9000 km at altitudes up to 15 km,
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which is beneficial for quasi-Lagrangian air mass observa-
tions, and was based in Kiruna during HALO-(AC)3. It was
equipped with a similar instrumental payload to that during
the EUREC*A campaign (Stevens et al., 2019, 2021; Konow
et al., 2021). Polar 5 and Polar 6 (P5 and P6) were based in
Longyearbyen and operated by the Alfred Wegener Institute,
Helmholtz Center for Polar and Marine Research (Wesche et
al., 2016).

This study aims to investigate whether the atmospheric and
sea ice conditions encountered during HALO-(AC)® were
suitable for studying air mass transformation. Herein we an-
alyze which types of air mass transport occurred and how
representative the conditions were. Therefore, the conditions
are analyzed in the climatological context. In this way, our
study serves as a comprehensive reference for future studies
analyzing the HALO-(.AC)? campaign. After introducing the
data and methods in Sect. 2, we provide a general overview of
the weather conditions during HALO-(AC)? (Sect. 3), which
leads to the identification of a warm period (Sect. 4) and a
cold period (Sect. 5). Both periods are assessed in the cli-
matological context. For the unusually strong warm phase,
we further investigate how the associated precipitation might
have influenced sea ice conditions (Sect. 6). Finally, we con-
clude our study in Sect. 7.

2 Data and methods

Our study concentrates on the North Atlantic sector of the
Arctic, the major pathway of WAIs (Johansson et al., 2017;
You et al., 2022). Around the Fram Strait, we define a central
region including the marginal sea ice zone (Fig. 1) where the
air mass transfer from the ocean to the sea ice during WAIs
and vice versa during MCAOs is most pronounced. Within
this region, most airborne measurements were performed. To
better illustrate how the meridional air mass transition pro-
gresses, we also include a southerly domain over the ocean
including the Greenland and Norwegian seas between Sval-
bard and Norway and a northerly one in the central Arctic
over sea ice. Note that circulation weather type analysis has
shown that the flow in this area is generally meridional, while
zonal flow hardly occurs (Schirmacher et al., 2023; von Ler-
ber et al., 2022).

2.1 Atmospheric measurements

Only very few permanent radiosonde stations exist in the
Arctic. Therefore, the French-German AWIPEV research
base in Ny-Alesund (Svalbard), which is the only station
within our central domain, plays a key role in observing
atmospheric conditions in the region. We use the 6-hourly
soundings at Ny-Alesund (Vaisala RS41, Maturilli, 2020b)
performed during HALO-(AC)? to assess vertical profiles of
temperature, relative humidity, pressure and wind. Similar in
situ profiling data are available from dropsondes (Hock and
Franklin, 1999; George et al., 2021) launched by HALO and
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the Polar aircraft. In total, 330 dropsondes from HALO and
141 from Polar 5 and Polar 6, distributed over 18 and 13 re-
search flights, respectively, provide profiles in otherwise un-
sampled areas (Fig. 1).

From the radiosonde profiles, we identified the thermal
tropopause according to the World Meteorological Organi-
zation (WMO) definition as the lowest level at which the
temperature lapse rate falls below 2 K km™! and does not ex-
ceed this value for the next 2 km. The integrated water vapor
(IWV) was calculated from profiles of air pressure and spe-
cific humidity. Ground-based meteorological measurements
at AWIPEV have been available since 1993 and provide
an additional view of the environmental conditions during
HALO-(AC)? (Maturilli et al., 2013; Maturilli, 2020a). Here,
the CL-51 ceilometer is used to assess the cloud conditions
at Ny-;\lesund (Maturilli and Ebell, 2018; Maturilli, 2022).
The detection of a cloud base is used to derive the frequency
of cloud occurrence on a daily basis. Long-term precipita-
tion observations are performed manually by the Norwegian
Meteorological Institute (MET Norway). For Ny-;\lesund
(station no. SN99910), daily precipitation totals (06:00 to
06:00 UTC) have been available since 1 January 1974 and
have been analyzed in this study for March and April of the
years 1974 to 2022.

2.2 Satellite observations of sea ice

Sea ice concentration (SIC), i.e., the percentage of a satellite
pixel covered by sea ice, is obtained from the Ocean and Sea
Ice (OSI) Satellite Application Facility (SAF) Global Sea Ice
Concentration Climate Data Record (SIC CDR v2.0), i.e., the
product OSI-450 from 1979 to 2015, and the complemen-
tary Interim Climate Data Record OSI-430-b from 2016 on-
wards (OSI SAF, 2017; Copernicus Climate Change Service
(C3S), 2020). The product is based on low-frequency pas-
sive microwave satellite data and is described in Lavergne et
al. (2019). The data sets are available on a daily basis with
a grid spacing of 25km x 25 km. For a higher spatial reso-
lution (1 km), i.e., for the analysis of how SIC changed dur-
ing HALO-(AC)?, the merged MODIS—AMSR?2 SIC product
(Ludwig et al., 2020) is used.

2.3 Reanalysis data and diagnostics

The European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis vS5 (ERAS) (Hersbach et al.,
2018a, b, 2020) has offered hourly data output since 1950
with a horizontal resolution of 31 km and 137 vertical model
levels. For our region, ERAS has been found to be superior
compared to other global reanalysis (Graham et al., 2019a, b;
Avila-Diaz et al., 2021). With very few ground-based stations
in our study area, the assimilation of satellite data plays a
major role in the quality of ERAS. Therefore, our climato-
logical analysis uses the years 1979-2022, starting with the
onset of the satellite era. Note that, during HALO-(AC )3, 216
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Figure 1. Study area with the corresponding domains (southern region, central region, and northern region) and mean sea ice concentration
(7 March to 12 April 2022) based on MODIS-AMSR?2 satellite data (Ludwig et al., 2020). The locations of the dropsondes launched by
HALO (P5) are marked as purple (green) circles. Operational radiosonde stations are indicated with yellow triangles.

dropsondes were used in the Global Telecommunication Sys-
tem data assimilation, likely resulting in improved reanalysis
quality.

Domain averages of the regularly gridded ERAS data were
calculated as area averages weighted by the cosine of the lati-
tude to respect the increasing data point density with increas-
ing latitudes. Grid points with a land fraction > 0 have been
excluded from our analysis. ERAS data serve to detect WAI,
ARs, and MCAOs.

— WAIs are identified by positive daily means of the verti-
cally integrated meridional moisture flux (IVTyorn) av-
eraged over the central region. Guided by the study of
Woods and Caballero (2016), a WAI is considered weak
(strong) when IVTyorn is below (equal to or above)
100kgm~!s~!,

— ARs are detected by the global algorithm from Guan and
Waliser (2015) in its revised version (Guan et al., 2018),
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adapted to the lower moisture content of the Arctic by
reducing moisture transport thresholds. The data set at
1 h resolution is available in Lauer et al. (2023).

— MCAO:s are characterized by their strong temperature

decrease with increasing height over the open ocean.
The MCAO index M is calculated following Papritz and
Spengler (2017) and Dahlke et al. (2022):

M = OsgT—6350, (D

with OsgT (0850) as the potential skin temperature (po-
tential temperature at 850 hPa). Grid points with skin
temperatures below 271.5K (i.e., over sea ice) were
excluded from further processing as in Dahlke et al.
(2022). Following Papritz and Spengler (2017), MCAO
conditions are present when M >0K, and its strength
can be classified as weak (0K < M <4K), moderate
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4K< M < 8K), strong (8K< M < 12K) or very
strong (M > 12K).

For climatological assessment, we average over each region
and compute the temporal mean and 25th—75th and 10th—
90th percentiles of IVTyorn and M over the climatology pe-
riod.

3 Overview of the campaign period

3.1 Ny-Alesund

Radiosoundings from Ny-Alesund provide the only contin-
uous source of information on the vertical structure of the
atmosphere in our study region and are therefore frequently
used to characterize the climate of the whole North Atlantic
sector of the Arctic (Maturilli et al., 2013). The tempera-
ture and moisture profiles measured by radiosondes at Ny-
Alesund during HALO-(AC)? are shown in Fig. 2 and in-
dicate a high temporal variability at all the altitudes. Tem-
peratures near the surface (5km) vary between —20 and
+5°C (—45 and —20 °C), indicating the presence of differ-
ent air masses. This is confirmed by wind measurements,
which reveal episodes of strong southerly winds associated
with warm temperatures in the first half of the campaign,
while in the second half of the campaign weaker, mainly
northerly winds associated with lower temperatures prevail.
The strongest episode of warm air advection on 12—13 March
led to an increase in 2m temperature from about —14 to
42 °C within 19 h (meteorological tower measurements, not
shown). This air mass lifted the tropopause up to 13km
(Fig. 2a), and the 2 m temperature remained above freezing
for 5d. The 2 m temperature even reached a new maximum
for March on 15 March (5.5 °C) since the beginning of the
data record in 1993.

To investigate whether the observed warm air advection
was related to ARs, we analyze humidity profiles. The first
half of the campaign featured a number of short-term events
of high IWV as shown in Fig. 2b. On 15 March, a radiosonde
measured an IWV of 14.6 kg m~2, which is the highest value
recorded between 7 March and 12 April from 1993 to 2022.
The rapid doubling of IWV within 1d already gives an in-
dication of the presence of ARs. Applying the detection al-
gorithm to reanalysis (Sect. 2) confirms that two ARs passed
over Ny-Alesund. AR 1 arrived at Ny-Alesund on 12 March
at 13:00 UTC and lasted until 14 March at 13:00 UTC. How-
ever, in the AR detection algorithm this AR consisted of
two parts with enhanced moisture transport and IWV, which
can also be seen in the IWV dip on 13 March between two
peaks (12 and 14 March) in Fig. 2b. AR II reached Ny-
Alesund on 15 March at 03:00 UTC and was only detected
until 22:00 UTC of the same day, although IWV and the
moisture transport stayed at high levels until 16 March at
15:00 UTC (not shown).

The second half of the campaign was drier, featuring
the lowest IWV of less than 1.2kgm™2 on 24 March at
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06:00 UTC. This IWV is below the 3rd percentile of all ra-
diosondes between 7 March and 12 April from 1993 to 2022
(Maturilli and Kayser, 2016, 2017; Maturilli, 2020b). After-
wards, IWV varied less and stayed below 4 kg m~2 through-
out the second half of the campaign. Only on 10 April did
enhanced moisture values indicate a weak moist air advec-
tion that was relevant for the formation of cirrus clouds over
sea ice observed by HALO (not shown).

The ceilometer at Ny-Alesund reveals high cloud occur-
rence until 23 March (Fig. 2c). The high cloudiness is ac-
companied by precipitation and related to the WAIs and ARs
passing over Ny-Alesund. From 15 March at 06:00 UTC
to 16 March at 06:00 UTC, 42mm of precipitation was
recorded, which is the second highest daily accumulated pre-
cipitation for March since the beginning of the measure-
ments. The situation changed during the course of 17 March,
when the cloud deck started to dissolve, and the 2m tem-
perature dropped below 0 °C. No further precipitation was
observed after 23 March, and cloud occurrence generally re-
mained low at Ny-Alesund until the end of the campaign.
However, note that Ny-Alesund is located within a fjord on
the western coast of Svalbard, and measurements, especially
within the atmospheric boundary layer, may be influenced by
the local orography (Gierens et al., 2020). For example, the
relatively cloud-free second part of the campaign was asso-
ciated with lee effects.

3.2 Reanalysis

Given the scarcity of measurements, e.g., no permanent ra-
diosonde stations north of 82.5°N (Rinke et al., 2019), re-
analysis data (ERAS) are used to characterize the conditions
over the whole study domain. However, ERAS assimilated
dropsonde measurements from HALO (details will be given
in a dedicated study presenting all HALO-(AC)? measure-
ments), influencing its performance: in Fig. 3, we show the
agreement between ERAS and HALO dropsondes in terms of
root mean square deviation (RMSD) and bias profiles. Over
the ocean, the ERAS temperature agrees with the dropsonde
measurements within 0.5-0.9K (Fig. 3a, b). Over sea ice,
we see the expected warm bias of ERAS in the lower tro-
posphere, which was also found by Yu et al. (2021), leading
to higher biases and an RMSD of up to 1.5 K. The RMSD
of relative humidity is between 10 % and 20 %, while wind
and pressure deviations are 1.5-2ms™! and less than 1 hPa,
respectively. Deviations can be higher for single dropson-
des because of the spatiotemporal variability of humidity and
temperature close to the sea ice edge and ARs and because of
measurement errors of the dropsondes (especially humidity
under dry conditions and at low temperatures). The tempera-
ture, relative humidity and wind speed deviations found here
agree well with those in Graham et al. (2019b). Note that the
deviations would probably be higher if dropsonde measure-
ments were not assimilated. Given the good performance of
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Figure 2. Time series of Ny—;\lesund radiosondes of (a) temperature profiles (shading), height of the thermal tropopause (black line), and
wind barbs at selected levels as well as (b) specific humidity profiles (shading) and the resulting IWV (black line, right axis). Panel (c)
shows daily accumulated precipitation (06:00 to 06:00 UTC) from gauge measurements and daily mean cloud occurrence from ceilometer

measurements.

ERAS, we analyze the environmental conditions in the fol-
lowing.

Time series of area-averaged mean sea level pressure
(MSLP), 10 m wind, 2 m temperature, 850 hPa temperature,
and IWV (Fig. 4) illustrate that the major features of warm
and moist conditions in mid-March and the cooler and drier
conditions observed later on at Ny-Alesund also apply to the
central domain. We also look at the spatial distribution of
mean sea level pressure, 500 hPa geopotential height, and
850 hPa equivalent-potential temperature in the North At-
lantic sector of the Arctic (Fig. 5) to investigate the driving
conditions for synoptic events, such as ARs and MCAOs.

The strong warming events observed at Ny-Alesund be-
tween 12 and 16 March are related to a low-pressure system
over Greenland, which drives southerly winds through the
North Atlantic (Fig. 5a). From 13 to 15 March, the zonal

Atmos. Chem. Phys., 24, 8007-8029, 2024

pressure gradient across the North Atlantic intensifies, lead-
ing to stronger southerly winds in all three domains (Figs. 5b
and 4b). In this period, the IWV is very high in the cen-
tral and northern domains, with daily area averages of 12—
14 and 6-8 kg m—2, respectively (Fig. 4e). At the same time,
ERAS indicates 2 m temperatures above freezing in the cen-
tral domain, which agrees with the time series observed at
Ny-;\lesund (Fig. 4c). Around 20 March, the MSLP gradi-
ent between the three domains reverses due to changes in
the large-scale pressure constellation (Fig. 5c). The central
Arctic now shows typical conditions with the highest MSLP
of all the regions and the strongest static stability, as can be
judged from the difference between temperatures at 850 hPa
and at 2m (Fig. 4a, c, d). The high MSLP of the central Arc-
tic agrees well with the climatological pressure shown for
April in Fig. 4.8 of Serreze and Barry (2014). In this sec-
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determining the sonde position.

ond part of the campaign, northerly winds typical of MCAO
activity led to extremely dry conditions, with IWV down to
1.4kgm™2 in the northern domain (Fig. 4e), clearly indicat-
ing a polar air mass.

Motivated by the clear differences between the first and
second halves of the campaign, we separate the campaign
into two major periods based on the northward component
of the integrated water vapor transport (IVTphorn) and the
MCAQO index (M) in the central region (see Fig. 6). From 11
to 20 March, from here on called the warm period, IV Ty, iS
positive, indicating warm air advection into the Arctic. In the
subsequent period (21 March to 12 April, hereafter referred
to as the cold period), IVTye, turns slightly negative, indi-
cating a moisture flux out of the Arctic. This is connected to
MCAQO activity, as quantified by the positive MCAO index
in the cold period. In the following, we assess the weather
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conditions of warm and cold periods in the climatological
context separately.

4 Warm air intrusions

To answer what caused the occurrence of the strong WAIs,
we analyze the general circulation pattern. A high-surface-
pressure system over Scandinavia was connected to a ridge
at 500 hPa geopotential height, resulting in a blocking situ-
ation (Fig. 5a, b). The blocking is evident in Fig. 7b (and
also Fig. Bla in Appendix B), showing the strong anoma-
lies of more than 10hPa in the MSLP field over the whole
warm period with lower pressure over Greenland and the
central Arctic and higher pressure over Scandinavia. The
strength of the pressure anomalies over Scandinavia suggests
the presence of an unusual blocking situation. Intense WAIs

Atmos. Chem. Phys., 24, 8007-8029, 2024
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Figure 4. Regional averages (colored lines) and standard devia-
tion (shading) of ERAS-based daily means of (a) mean sea level
pressure, (b) 10m wind speed (wind barbs), (¢) 2 m temperature,
(d) 850hPa temperature and (e) integrated water vapor. Regional
averages are performed for the southern (S, red), central (C, green)
and northern (N, blue) regions shown in Fig. 1. Vertical black lines
indicate the days shown in Fig. 5.

are often connected to blocking situations over the eastern
border of a large basin (here, the North Atlantic), redirect-
ing cyclones northward as the typical eastward propagation
is blocked (Woods et al., 2013). Consequently, warm and
moist air masses originating from the North Atlantic were
transported towards the Fram Strait, driven by several low-
pressure systems that formed between Iceland and eastern
Greenland. All days of the warm period passed the crite-
ria for WAI occurrence (Sect. 2), and from 12 to 17 March
IVTyorn exceeded the 90th percentile of the ERAS climatol-
ogy on each day (Fig. 6a).

Not surprisingly, temperatures at 2m and 850 hPa show
positive anomalies over all the domains during the warm pe-
riod (Fig. 7e, h). However, with far above 8 K, the strongest
2 m temperature anomalies occur over sea ice surfaces. To-
gether with the weaker positive anomaly at 850 hPa (up to
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7K in the three domains), this demonstrates the decreased
stability of the lower atmosphere during this period over sea
ice. The warm period was also moister than average, as indi-
cated by the positive IWV anomalies over all the domains
(Fig. 7k). Note that, although the highest IWV anomalies
occurred in the southern region, the relative effect increases
with higher latitudes as IWV mean values generally decline
towards the north along with the decreasing temperatures.
The highest relative IWV anomalies (up to 90 %) occurred
over sea ice northwest and northeast of Svalbard (not shown).
Note that this latitudinal effect also makes it difficult to diag-
nose ARs based on IWV only.

The two AR events detected at Ny—Alesund also affected
the entire measurement area of HALO-(AC)3. However, the
timing might be different, depending on the exact loca-
tion. AR I passed through the measurement regions on 12—
14 March (Figs. 2b and 5a). In the northern domain, IWV
reached its campaign maximum (8 kg m~2) on 13 March and
declined afterwards, while the 850 hPa and 2 m temperature
in the northern domain continued to increase until the fol-
lowing day (Fig. 4c—e). AR II, which arrived on 15 March
(Fig. 5b), had slightly less IWV over the central domain
(Fig. 4e). This shows that Ny—Alesund is not representa-
tive of the whole region, because here AR II had the high-
est IWV. The strong northward moisture transport related to
these ARs can be seen in area averages of [VTyoph, Which
reached 225kgm~!'s~! due to AR II in the central domain
(Fig. 6a).

We compare the strength of the ARs during HALO-(AC)?
to the long-term climatology in Fig. 8. For this purpose, the
mean IVT over the detected AR area and the AR’s central
latitude are shown in relation to all 6-hourly ERAS time
steps since 1979. Note that a slightly different region over the
North Atlantic and Arctic oceans was selected to extend the
view southwards to cover the major pathways of ARs (Guan
and Waliser, 2017; Nash et al., 2018). The number of strong
AR events decreases meridionally (Fig. 8) because of two
effects: firstly, along their northward propagation, ARs gen-
erally decline in intensity. Secondly, within the Arctic Circle,
the likelihood of new AR formation strongly decays, as the
moisture uptake from the ocean is substantially reduced (Pa-
pritz et al., 2022).

AR T and AR II both represent strong cases in terms of
mean IVT as they partly lie outside the 25th percentile in
latitude-IVT space (Fig. 8). At its northernmost position
with a central latitude of 80°N, AR I had a stronger mean
IVT than 90 % of all ARs in the climatology. However, AR II
was characterized by even stronger moisture transport but
did not reach as far north as AR I. When AR II was at its
northernmost position (centered at 76° N), its area-averaged
IVT was just below 200 kg m~! s~! and therefore also higher
than 90 % of all ARs in the climatology (Fig. 8). The maxi-
mum IVT of AR II (meridional and zonal) slightly exceeded
400kgm~'s~! on 15 March in the central region (Fig. Al
in Appendix A). HALO’s dropsonde measurements showed
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at 12:00 UTC. The 15 % sea ice concentration from AMSR?2 is displayed as a blue contour line. “H” and “L” illustrate the centers of high-

and low-pressure systems, respectively.

a maximum IVT of 490kgm~'s~! on 15 March, suggest-
ing that ERAS underestimates the moisture flux at the local
scale. As all AR events had meridionally elongated struc-
tures, the outflow region reached far up to the central Arctic,

while their centers were located at 68—80° N (Fig. 8). During
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their poleward propagation, the moisture transport decreased,
so that they no longer fulfilled the detection requirements.
The northward transport of warm and moist air was as-
sociated with anomalous amounts of precipitation (Fig. 9).
In particular, when the ARs made landfall in Scandinavia,
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Svalbard, and eastern Greenland, strong anomalies of up to
8mmd~! compared to the climatology were observed. The
strongest anomalies found on the eastern coast of Greenland
relate to 6 times higher precipitation compared to the cli-
matology. For Svalbard, the ERAS data are in line with the
record precipitation measured at Ny-Alesund (Fig. 2) coming
from AR II. The area of increased precipitation reaches up to
the North Pole, where precipitation is enhanced by more than
a factor of 2.

The phase of the precipitation is highly important for its
climate effect, and the transition of Arctic precipitation from
snowfall to rain is heavily discussed (Serreze et al., 2021).
While we note the difficulties of correctly differentiating the
precipitation phase, it is important to note that, northwest of
Svalbard, ERAS showed record-breaking rainfall connected
with near-surface temperatures above zero. Liquid precipi-
tation at high latitudes over sea ice was also observed by
the cloud radar on board HALO, as we detected a distinct
bright band in the linear depolarization ratio at about 0.5—
1 km height on 13 March (Fig. 10). Thus, the observations
confirm the presence of liquid precipitation, at least in some
regions over sea ice. This motivated us to examine the impact
of this AR on the sea ice later on (Sect. 6).

In summary, the warm period observed during HALO-
(AC)? featured ARs with averaged IVT values higher than

Atmos. Chem. Phys., 24, 8007-8029, 2024

90 % of all ARs in the climatology. This transport was re-
lated to a blocking event affecting the Arctic up to the North
Pole with heat and anomalously high precipitation, including
record-breaking rainfall rates over the sea ice northwest of
Svalbard.

5 Cold air outbreaks

The warm period was followed by a cold and dry period
from 21 March until the end of the campaign, where IVT o
(M) was almost exclusively negative (positive) (Fig. 6). The
transition from the warm to cold periods was initiated on
21 March, when an intense cyclone centered east of Svalbard
began to draw cold air from the central Arctic into the Fram
Strait (Fig. 5¢), which caused snowfall on the western coast
of Svalbard. In its aftermath, the MSLP anomaly reversed
compared to the warm period, with positive values in the
northwest and negative values in the southeast (Fig. 7c). Con-
sequently, the southward flow of cold Arctic air led to cold
and dry anomalies at 850 hPa over the open ocean (Fig. 7i, 1).

Within the cold period, two periods of strong MCAO con-
ditions (21-26 March and 1-2 April) were identified whose
strength exceeded the 90th (25 March) and 75th (2 April)
percentiles of the climatology (Fig. 6b). Under these strong
MCAO conditions, we found the maximum values of tur-
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Figure 7. From top to bottom: anomaly maps of mean sea level pressure (MSLP), 2 m temperature (AT5 1), 850 hPa temperature (A7g50 hpa)
and integrated water vapor (AIWV) based on ERAS for the entire campaign (a, d, g, j), the warm period (b, e, h, k), and the cold period
(c, f, i, 1). The long-term mean (1979-2022) is subtracted from the mean of the respective time period. Dashed black isolines describe the
long-term climatology for the respective period in each panel. The three measurement regions (shown in Fig. 1) are illustrated as black boxes.

bulent surface sensible and latent heat fluxes, which coin-
cided with the highest wind speeds and lowest temperatures
of the cold period (not shown). Low-level cloud cover re-
mained high in the central domain until 7 April, reflecting
the presence of the convective boundary layer clouds typi-
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cally associated with MCAO:s. Interestingly, while most pa-
rameters have reversed anomalies compared to the warm pe-
riod, precipitation in the central domain also shows a positive
anomaly. ERAS produces an extensive region of enhanced
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Figure 8. Six-hourly climatological (1979-2022) distribution of
central latitudes of atmospheric rivers (ARs) as a function of mean
AR integrated water vapor transport (IVT) using an ERAS5-based
AR catalog based on Guan and Waliser (2015). The analyzed area
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Cases categorized as ARs during HALO-(AC)? are illustrated by
colored squares. Black (dashed) lines indicate the 25th and 75th
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ize the shape of the histogram. The green rectangle marks the lati-
tudes of the central domain.

precipitation over open water, extending far east and being
highest at the Scandinavian coast (Fig. 9).

To compare the MCAOs encountered in the cold period to
the climatology, we apply a metric established by Knudsen
et al. (2018) and characterize each event by its strength and
duration in Fig. 11. Herein the duration is defined as the time
the MCAO index stays above zero, and the strength is given
by its maximum MCAO index M, as indicated in the time
series of M in Fig. 11b. Note that we used the central do-
main for the computation of M, while Knudsen et al. (2018)
considered a smaller area that lies within our central domain.

The statistics over the long-term ERAS climatology
(Fig. 11a) generally show that longer MCAO events are also
more intense (higher peak M). During the HALO-(AC)? pe-
riod, distinct MCAO events could be identified separated by
short phases with M < 0K visible at high temporal resolu-
tion only. The first and third events, starting on 18 March
and 11 April, respectively, were relatively short-lived (2-
3d) and had a moderate strength (M of about 5K). Most
notably, the second event, which started on 21 March after
the passage of the strong cyclone, was unusually long (19 d)
and had a maximum M of about 11 K. The longevity of the
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MCAO conditions can be explained by the persistence of
low pressure over Scandinavia, the Barents Sea, and Rus-
sia and high pressure over Greenland and the central Arc-
tic during the cold period (Fig. B1b in Appendix B). Ana-
lyzing the time series with hourly resolution (Fig. 11b), the
21 March MCAO event consists of multiple waves of strong
MCAO conditions, which were associated with the pres-
ence of cyclones near Svalbard influencing the atmosphere
over the Fram Strait (e.g., Fig. 5c, e, f). Lower-tropospheric
winds were stronger and more northerly during the stronger
MCAOs. When the cyclones dissipated or propagated away
from the area, winds were weaker and the MCAO strength
decreased (e.g., Fig. 5d).

Since 1979, only 9 of the 179 events over the HALO-
(AC)? period have had a longer duration.

6 Effect of WAIs on sea ice conditions

The different atmospheric conditions likely affected the sea
ice conditions in the measurement area. To understand the
impact on sea ice, we examine the spatial distribution of SIC
before (9—11 March) and during (14-16 March) the WAIs
and ARs as well as after the MCAO period (10-12 April),
as shown in Fig. 12a—c. SIC was > 90 % in almost the en-
tire northern region in the first period (Fig. 12a). In the cen-
tral region, the sea ice covered 30 %—40 % of the area with a
southwest—northeast-oriented edge. The southern region was
almost completely ice-free over the entire campaign duration
(Fig. 12a—c).

The WAIs and ARs caused a reduction of SIC in the north-
western part of the central region, resulting in the lowest SIC
values of the entire campaign period (Fig. 12b, d). While the
main sea ice boundary stayed at the same location, the SIC in
the marginal ice zone declined. SIC was below the climato-
logical mean but remained within the 10th-90th percentiles.
Furthermore, an unusually large polynya opened from north
of Svalbard to Franz Josef Land, which resulted in the below-
average static stability and stronger turbulent surface heat
fluxes during the cold period in this region (Fig. 12b). We
assume that ice dynamics related to strong winds caused the
SIC decrease in the central region, but ice melt cannot be
excluded either because temperatures were above freezing
and liquid precipitation was observed over sea ice (Sect. 4).
Rapid ice melt has been attributed to warm air advection and
induced increases in heat flux in summer (Tjernstrom et al.,
2015; Woods and Caballero, 2016). Liquid precipitation on
snow alters the signal of the microwave radiometry and in-
creases the uncertainty of SIC products (Stroeve et al., 2022;
Riickert et al., 2023). However, SIC reduction was obvious
in visual satellite images as well (e.g., NASA Worldview,
not shown). After the WAISs, the sea ice conditions recovered
as temperatures fell below the freezing point, and northerly
winds were established during the MCAOs (Fig. 12c, d). The
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polynya was also closed again, mostly due to sea ice trans-
port from the central Arctic.

With respect to the long-term climatology, the SIC dur-
ing HALO-(AC)? was mostly above the climatological mean
in our central domain (Fig. 12d). The positive SIC anomaly
was related to a further eastward expansion of the sea ice off
Greenland, which overlaps well with the negative 2 m tem-
perature anomalies shown in Fig. 7d, f. In contrast, the west-
ern coast of Svalbard used to be covered by ice in the cli-
matology but was completely ice-free during HALO-(AC)3.
Similarly, southwest of 75°N and 0°E as well as north-
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east and southeast of Svalbard, SIC anomalies were negative
(Fig. 12e), in line with the strongest warm anomalies of the
campaign.

Note that uncertainties of the derived SIC in the marginal
ice zone are especially large as a result of temporal and
spatial interpolation (smearing uncertainty) and so-called
weather filters. Weather filters remove the atmospheric con-
tribution from the satellite signal to remove false sea ice in
open-water regions but run the risk of removing true sea
ice as well, especially in the marginal ice zone (MIZ). This
mainly affects the central region, where the estimated uncer-
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Figure 11. (a) Two-dimensional histogram showing the ERAS-
based duration and strength of MCAOs in the central domain for
the period 1979-2022. Cases categorized during HALO-(AC)? are
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indicate the start date. Black (dashed) lines indicate the 25th and
75th (10th and 90th) percentiles of a kernel density estimation to
visualize the shape of the histogram. (b) MCAO index time series
with higher temporal resolution and indicating the MCAO periods
marked in panel (a).

tainties of the OSI-SAF SIC product (total standard uncer-
tainty) can reach up to 40 % at the ice edge, mostly due to
smearing uncertainty and different satellite footprints at dif-
ferent frequency channels.

7 Summary

In this study, we analyzed the atmospheric and sea ice con-
ditions during the HALO-(AC)? campaign, whose focus lies
on studying transformation processes of air masses on their
way into and out of the Arctic. The campaign took place
in the North Atlantic sector of the Arctic from 7 March to
12 April 2022. Within this area, we defined three domains
over which we investigate whether the conditions were well
suited for the campaign’s research objectives. The central
domain, which lies in the marginal sea ice zone west of
Svalbard, represents the area with the highest research flight
activity of the campaign. For our analysis, we relate the
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conditions during HALO-(AC)? to the long-term record of
Ny—Alesund measurements, ERAS reanalysis, and satellite-
derived sea ice conditions.

The radiosonde and surface observations at Ny-;\lesund
showed two main periods with different atmospheric con-
ditions. The beginning of the campaign was dominated by
extremely warm and moist air masses, resulting in new max-
imum 2 m temperatures, record-breaking precipitation, and
integrated water vapor (IWV) for March since the beginning
of the measurements. The second half of the campaign was
much colder and drier, with mostly clear-sky conditions at
Ny-Alesund because of orographic effects. Reanalysis data,
which were shown to agree well with dropsonde measure-
ments from HALO-(AC)3, confirmed these general condi-
tions with northward transport of warm and moist air in the
first part and southward flow of cold Arctic air in the second
part of the campaign. Based on this clear temporal change
in conditions, we divided the campaign into a warm period
(11-20 March) and a cold period (21 March—12 April) and
analyzed both in detail.

During the warm period, an atmospheric blocking situa-
tion diverted cyclones northwards into the Arctic, resulting
in strong northward heat and moisture transports (moist and
warm air intrusions, WAIs). Two WAIs were identified as
atmospheric rivers (ARs). At their northernmost positions,
both ARs were stronger than 90 % of all ARs at the latitudes
of the central domain in the climatology. The ARs led to un-
usually high precipitation amounts at the coasts of Green-
land and Svalbard. Over the sea ice northwest of Svalbard,
the rainfall indicated by ERAS was a record-breaking event
for mid-March.

The cold period was initialized after the passage of a
strong cyclone on 21 March. Northerly winds pulled cold
and dry air from the central Arctic into the North Atlantic,
resulting in marine cold air outbreaks (MCAOs). We identi-
fied three MCAO events separated by negative values of the
MCAQO index M. The second MCAO event, which started at
the beginning of the cold period, lasted for 19 d, making it the
10th-longest MCAO event in the climatology. The strength
of the MCAO conditions in the central domain was related to
the cyclone activity in the vicinity of this region.

Despite the longer cold period, the entire campaign was
on average warmer than the climatological mean. Thus, the
short-lived ARs and WAIs dominated the anomaly signal,
highlighting the importance of these events for the warm-
ing of the Arctic (Johansson et al., 2017). However, it must
be noted that the ERAS climatology may have systematic
differences in 2022 compared to previous years as measure-
ments from HALO-(AC)? dropsondes were assimilated. Fur-
thermore, the quality and quantity of satellite measurements
to be included in the assimilation improved over the years.
Nevertheless, due to the low density of observations in the
Arctic, using reanalyses is currently a well-suited option for
climatological comparisons.
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Figure 12. Average SIC from the MODIS—AMSR?2 product at 1 km grid resolution and 10 m wind speed (in knots) from ERAS for (a) 9-
11 March (prior to the first AR event), (b) 14—-16 March (during the second AR event) and (¢) 10-12 April (at the end of the campaign).
Short (long) wind barbs represent wind speeds of 5 (10) kn. (d) SIC time series averaged over the central region for the campaign period as
well as the mean and 10th-90th percentiles of the 1979-2022 climatology. (e) SIC anomalies from the climatological mean averaged over
the entire campaign period. Note that only differences larger than 5 % are considered due to the uncertainties of the satellite product in the
marginal ice zone. Data for panels (d) and (e) are from the OSI-SAF sea ice concentration climate data record.

Interestingly, precipitation was higher than the climatol-
ogy for both periods, as MCAOs also led to enhanced pre-
cipitation in the Fram Strait. Precipitation associated with
MCAGO:s has been discussed as being responsible for differ-
ences between climate models and observations (von Lerber
et al., 2022). However, precipitation is also difficult to mea-
sure accurately, as MCAQs are mostly within the blind zone
of satellite measurements (Schirmacher et al., 2023). There-
fore, the quality of precipitation in reanalyses is of high in-
terest. The detailed HALO-(AC)3 remote sensing and in situ
measurements can help to further constrain the representa-
tion of precipitation, including its phase, in the reanalysis.

Finally, we looked at the sea ice conditions and how they
changed due to the different circulation patterns during the
campaign. Overall, the marginal ice zone in the Fram Strait
had higher sea ice concentrations (SICs) compared to the
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climatological mean, while the regions around Svalbard had
lower SICs. WAIs and ARs resulted in a reduction of SIC in
the marginal ice zone below the climatological mean. The re-
duction was probably dominated by ice dynamics associated
with the strong southerly winds, but melt was also possible
because of temperatures above freezing. During the long pe-
riod of MCAO conditions, the northerly winds and low tem-
peratures led to a recovery of the SIC.

Compared to previous aircraft campaigns in the Arctic
within (AC)? that focused on the evolution of (mixed-phase)
clouds (ACLOUD; AFLUX and MOSAIiC-ACA, Wendisch
et al., 2019; Mech et al., 2022), we observed a larger va-
riety of MCAO conditions during HALO-(AC)3. The long
phase of MCAOs with varying strength and different wind
regimes provides opportunities for detailed MCAO studies
making use of airborne measurements. Also, the sea ice edge
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was closer to Svalbard than during AFLUX (March—April
2019), so that ocean—ice transects could be performed more
easily. HALO-(AC)? captured several WAIs or ARs with un-
usual or even record-breaking strength. With regard to the
changing climate when exchanges between the mid latitudes
and the Arctic become more frequent, the campaign provides
a unique opportunity to study stronger-than-average WAIs
or ARs. Thus, the weather conditions were well suited to
achieving the objectives of the HALO-(AC)> campaign.

Appendix A: Integrated water vapor transport for
moist and warm air intrusions

We show the total IVT from ERAS for two snapshots of the
ARs on 12-15 March and for the weak WAI on 10 April in
Fig. Al. While the ARs on 12—-15 March were meridionally
aligned, the WAI on 10 April had a rather zonal orientation.
The strongest total IVT is found on 15 March, exceeding
400kgm~!s~!,
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Figure A1. Total integrated water vapor transport (IVT, zonal and meridional components) from ERAS (colors) and dropsondes (circu-
lar marker) for moist and warm air intrusions or atmospheric rivers: (a) 13 March 2022 16:00 UTC, (b) 15 March 2022 16:00 UTC and
(c¢) 10 April 2022 14:00 UTC. Quivers indicate the flow direction and strength, while black line with white outline shows the HALO flight
track. The orange (brown) line indicates the 15 % (85 %) sea ice concentration isoline. Grey dash-dotted contours show the mean sea level

pressure. The data are based on ERAS.
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Appendix B: Pressure constellation during the warm
and cold periods

To illustrate the contrast of the two periods, we show an
Arctic-wide average pressure constellation for the warm and
cold periods in Fig. B1. The warm period featured this ex-
tended 500 hPa geopotential height trough and several low-
pressure systems over Greenland and the geopotential height
ridge and high pressure over Scandinavia. During the cold
period, strong highs over Greenland and the central Arc-
tic persisted, while low-pressure systems were located over
Scandinavia, northern Russia or the Barents Sea.

(b) Cold period
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Figure B1. Maps of mean sea level pressure (white contour lines with black outlines) and 500 hPa geopotential height (shading and black
contour lines) from ERAS data averaged over (a) the warm period (11-20 March 2022) and (b) the cold period (21 March—12 April 2022).
The 15 % sea ice concentration from ERAS is displayed as a blue contour line. “H” and “L” illustrate the centers of high- and low-pressure
systems, respectively. The measurement domains are displayed as purple boxes.
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Code and data availability. All codes used for the analyses
presented in this study have been published on Zenodo for public
access at https://doi.org/10.5281/zenodo.11300722 (Mayer et
al.,, 2024). Sea ice concentration climatology data are found
at https://doi.org/10.15770/EUM_SAF_OSI_0008 (OSI SAF,
2017) and https://doi.org/10.24381/CDS.3CD8B812 (Copernicus
Climate Change Service (C3S), 2020). The high-resolution sea
ice concentration data set used for 7 March-12 April 2022
is based on the product from the Institute of Environmental
Physics, University of Bremen. The data are available at https:
//data.seaice.uni-bremen.de/modis_amsr2/netcdf/Arctic/2022/
(Ludwig et al., 2020). ERAS data at single and pres-
sure levels can be accessed at Hersbach et al. (2018b,
https://doi.org/10.24381/cds.adbb2d47) and Hersbach et al.
(2018a, https://doi.org/10.24381/cds.bd0915¢6). Ny-Alesund ra-
diosondes and ceilometer data have been published on PANGAEA
(https://doi.org/10.1594/PANGAEA.845373, Maturilli and Kayser,
2016;  https://doi.org/10.1594/PANGAEA.875196,  Maturilli
and Kayser, 2017; https://doi.org/10.1594/PANGAEA.914973,
Maturilli, 2020b;  https://doi.org/10.1594/PANGAEA.942331,
Maturilli, 2022). The Ny-Alesund precipitation data are pro-
vidled by MET Norway and have been downloaded from
https://seklima.met.no/ (MET Norway, 2023). Near-surface meteo-
rology data from Ny-Alesund are available on PANGAEA as well
(https://doi.org/10.1594/PANGAEA.914979, Maturilli, 2020a).
Radar measurements from HALO during HALO-(AC)? are avail-
able on PANGAEA (https://doi.org/10.1594/PANGAEA.963250,
Dorff et al., 2023). Dropsonde measurements during HALO-(AC)?
are currently being processed and will be published on PANGAEA,
searchable via the tag “HALO-(AC)3”. A full description of the
data set is in preparation.
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