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Summary: The HALO-(AC)® campaign was conducted in March and April 2022
to investigate warm air intrusions into the Arctic and marine cold air outbreaks. In
coordinated flights over the Arctic, the High Altitude and Long Range Research Aircraft
(HALO), equipped with a remote sensing payload and dropsondes, investigated these
air mass transformations together with the research aircraft Polar 5 and Polar 6. In
this report, we give an overview about the research flights and preliminary results from

projects, which are carried out by employees of the Leipzig Institute for Meteorology
(LIM).

Zusammenfassung: Die HALO-(AC)? Kampagne wurde im Mirz und April 2022
durchgefiihrt, um Warmlufteinbriiche in die Arktis und marine Kaltluftausbriiche zu un-
tersuchen. Das "High Altitude and Long Range Research Aircraft" (HALO), ausgestat-
tet mit Instrumenten zur Fernerkundung und Standardmeteorologiesonden, untersuchte
zusammen mit den Forschungsflugzeugen Polar 5 und Polar 6, in koordinierten Fliigen
tiber der Arktis, diese Verdanderungen der Luftmassen. In diesem Bericht wird eine
Ubersicht iiber die durchgefiihrten Forschungsfliige gegeben und Forschungsprojekte
werden vorgestellt, welche von Mitarbeitern des Leipziger Instituts fiir Meteorologie
(LIM) durchgefiihrt werden.

1 Introduction

Over the last decades, the Arctic experienced an enhanced warming up to four times
stronger than the mid-latitudes, which is known as Arctic amplification (Serreze and
Barry, 2011; Wendisch et al., 2023; Rantanen et al., 2022). The Transregional Col-
laborative Research Center (TR 172) called Arctic Amplification: Climate Relevant At-
mospheric and Surface Processes, and Feedback Mechanisms ((AC)*, www.ac3-tr.de),
lead by the Leipzig Institute for Meteorology (LIM), investigates the processes and key
factors to get a better understanding of the causes driving the Arctic amplification. One
of the suspects are general circulation patterns related to the jet stream, which might
get weaker because of Arctic amplification. This results in a higher amount of blocking
situations, which promote Warm Air Intrusions (WAIs) and Cold Air Outbreaks (CAOs).
Such WAIs, which are most prominent in the winter time Arctic, lead to a northward
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transport of moisture and clouds and, thus, increase the downward terrestrial radiation
and warms the near surface air.

To understand this positive feedback mechanism and investigate air mass transforma-
tions in more detail, the HALO-(AC)? campaign was conducted in March and April 2022
to study WAIs and CAOs. The general objectives of the HALO-(AC)? mission are:

* To perform quasi-Lagrange observations of air-mass transformation processes dur-
ing meridional transports with a particular focus on pronounced WAIs and marine
CAO:s.

* To test the ability of numerical atmospheric models to reproduce the measurements,
which then can be applied to investigate the linkages between Arctic amplification
and mid-latitude weather.

Extended information on the HALO-(AC)® mission are provided at the campaign
webpage (HALO-(AC)®> Website, 2023). Three research aircraft were involved in the
campaign with different instrumentation and flight patterns, aiming at the above men-
tioned objectives.

The High Altitude and LOng Range (HALO) research aircraft from German Aerospace
Center (DLR) is the only German research aircraft, which is capable of covering dis-
tances to up to 10000 km (10 hours flight time). For this reason, HALO is the ideal
tool to perform the planned quasi-Lagrange air-mass observations. HALO is equipped
with meteorological and remote sensing instruments, as well as dropsondes, to observe
the complete vertical tropospheric air mass column up to an altitude of 15km. These
observations contain meteorological quantities (temperature, pressure, humidity), tur-
bulence parameters, water vapor, aerosol particles, and clouds (HALO—(AC)3 Website,
2023). During the HALO-(AC)? campaign, HALO was stationed at Kiruna, where
a large hangar was available for safe and convenient aircraft operations.

The two research aircraft from the Alfred-Wegener-Institut Helmholtz Centre for Polar
and Marine Research (AWI), namely Polar 5 and Polar 6, were used to study the lower
atmosphere, up to 3km. While Polar 5 was equipped with remote sensing instruments
and dropsondes, Polar 6 performed in-situ measurements of cloud and aerosol particles
in the boundary layer. Polar 5 and Polar 6 were stationed in Longyearbyen, Svalbard and
conducted measurements in the vicinity of Svalbard. Both aircraft are specially modified
to fly under extreme polar conditions and into clouds (Wesche et al., 2016).

An overview of the flight tracks from HALO, Polar 5, and Polar 6 is given in Fig. 1.
As presented in Fig. 1a, HALO covers a spatial range from Kiruna towards the North
Pole. Polar 5 and Polar 6 sampled a target area west of Svalbard, including the marginal
sea ice zone (Fig. 1b). The research aircraft HALO allowed to follow air masses over
several consecutive days to study their development over a larger time range. In contrast,
Polar 5 and Polar 6 have the ability to study cloud micro- and macrophysics in more
detail due to their slower cruising speed and lower altitudes. Therefore, the combination
of the measurements from HALO and the Polar aircraft gives the unique opportunity to
study the development of air masses, i.e., WAIs and CAOs, on large and small scales.
A more detailed overview about the conducted flights is given in Table 1, which shows
for each flight the objective, flight time and the launched number of dropsondes. For



Wiss. Mitteil. Inst. f. Meteorolo. Univ. Leipzig Band 61 (2023)

by / HALO-(AC)? (2022), Polar 5
© —— HALO-(AC)3 (2022), Polar 6

82°N.. AMSRE ice cover from 30.03.2022 |

80N/

78°N

70°N

HALO-(AC)? (2022), HALO
AMSRE ice cover from 30.03.2022

10;’W 0° 10°E 26°E 10;’W 0° 10°E Zd°E

Figure 1: Flight tracks of the HALO-(AC)? campaign from a) the research aircraft HALO
and b) Polar 5 (red) and Polar 6 (blue). The black markers indicate the location of
Station North (triangle), Longyearbyen (diamond) and Kiruna (square).

the whole campaign we spend more than 264 hours in the air (HALO: 147 h, Polar 5:
54h, Polar 6: 63h). In total 492 dropsondes were launched, which provided valuable
atmospheric profile data without technical issues in more than 95 % .

In the following we will give an overview of research projects at LIM, which are linked
to HALO-(AC)? and make use of the airborne observations. Section 2 is focusing on
atmospheric vertical profiles, which were observed by dropsondes launched over sea-ice
and ice-free ocean. Section 3 shows an example of a collocated flight from Polar 5 and
Polar 6. In Sect. 4 a Lagrangian trajectory analysis of a WAI is presented, followed by
a summary of the results.

2 Vertical profiles of the atmosphere

During the HALO-(AC)? campaign, 350 dropsondes were launched from the HALO and
142 from the Polar 5 aircraft. This large amount of dropsondes is statistically applied
to identify the typical differences of vertical profiles over the Arctic sea-ice and ice-free
ocean. Therefore, we analysed all dropsondes launched from HALO poleward of 75°N.
This threshold was chosen to only compare the atmosphere in the vicinity of the marginal
sea ice zone.

The separated profiles over sea-ice and ice-free ocean are shown in Fig. 2. It is
obvious that over sea-ice the atmosphere shows in general a lower temperature below
2000 m (Fig. 2a and b) and is also dryer (Fig. 2c). As shown in Fig. 2d, the wind speed
throughout the whole vertical profile is lower over ice than over the ice-free ocean and
is affected by the friction from the ground. Above sea ice, a temperature inversion is
visible in an altitude below 1000 m (Fig. 2a), which is very typical over sea-ice. The
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Overview of the research flights of the HALO, Polar 5, and Polar 6 dur

HALO-(AC)>.

Table 1
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Figure 2: Averaged dropsonde profiles, launched from HALO, over Arctic sea ice (dashed)

and over ice-free ocean during HALO-(AC)3. Only dropsondes launched poleward of

75°N are displayed here, which results in 122 dropsondes over ice-free ocean and 109
over sea-ice.

relative humidity profiles indicate that less clouds were observed over sea ice (Fig. 2¢).

2.1 Profiles along a cold air outbreak

Marine CAOs are very common in the Arctic winter time and can influence the weather
in Europe. The CAOs can often be easily identified by their typical roll cloud structure,
which is visible from satellite images. In the vicinity of Svalbard, in particular on the
west side, CAOs are very typical with a north-south wind direction (Briimmer, 1996;
Dahlke et al., 2022). Usually, the roll clouds develop over the marginal sea ice zone
with an increasing cloud top height towards the south. The development process of the
roll clouds is related to the increased temperature and moisture over the ice-free ocean.
Towards the south, the surface temperature increases, which strengthens the convection
and increases the cloud top height. The change in cloud top height also influences the
horizontal size of the roll clouds, because the distance between the rolls depends on the
cloud top height and the ratio is about 2:1 (Lemone, 1976). Roll clouds in connection
with CAOs were extensively studied before (Kuettner, 1971; Lemone, 1976; Briimmer,
1996; Tornow et al., 2022; Dahlke et al., 2022), but covering a CAO event with different
aircraft on a small (with Polar 5 and Polar 6) and large (with HALO) scale is new and
gives a whole new insight of the development of these air masses.

The development of atmospheric vertical profiles along a CAO is presented in Fig. 3.
This CAO case was observed on 01 April 2022. Illustrated by the flight track in Fig. 3a, the
HALO aircraft covers a majority of the roll cloud structures starting from the beginning
until almost the end of their development. Along that path, several dropsondes were
launched. Here, we focus on the dropsonde profiles at the eastern leg of the flight track
along the roll convection (marked by the dots in Fig. 3). Figures 3b and c show profiles of
temperature and potential temperature, respectively, of the developing CAO and indicate
the typical increase of temperature from north to south. The increase in cloud top height
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Figure 3: a) HALO flight track from the 01 April 2022 in the vicinity of Svalbard.
The crosses mark the positions of the launched dropsondes and the satellite picture is
a snapshot from NASA worldview (MODIS). The dots indicate the dropsondes where the
vertical profiles of different parameters are shown in panels b to f.

is linked to the change of inversion height from about 100 m (blue point over ice) to about
1500 m (red point over water). That almost no clouds are present over the Arctic sea-ice
is concluded from the relative humidity profiles in Fig. 3d. Here, a relative humidity of
100 %, which means the presence of clouds, is only reached over water and not for the
profile over sea ice (blue). The wind speed (see Fig. 3e) shows an increase towards the
south, which is contrarily to CAOs observed in earlier campaigns. Typically, the wind
speed is highest above the ice where surface friction is low. Wind direction (see Fig. 3f)
is in a narrow range for all profiles, which confirms a very steady air mass flow from
the north. It might be noted that the dropsondes at 11:55 UTC and 13:21 UTC were
launched at a very similar position. This was done to examine the temporal consistency
of the dropsonde profiles. It turns out that the profiles are very consistent, in particular
for the temperature, even though the measurements were taken 86 minutes apart.

This analysis shows that dropsonde measurements can be used to study the development
of CAOs. This is a first step to obtain a better understanding of the development process of
CAOs. Including radar reflectivity data from the Microwave Radar/radiometer for Acrtic
Clouds (MiRAC) instrument (Mech et al., 2019) and radiance data from the Spectral
Modular Airborne Radiation measurement sysTem (SMART) instrument (Wendisch
et al., 2001) in the analysis, both on board of Polar 5, we will obtain more information
about the distribution of ice and liquid water in the roll clouds.

3 Collocated research flights

A major goal of the HALO-(AC)? campaign was the collocation of measurements from
different aircraft, in particular from Polar 5 and Polar 6. Performing remote-sensing
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Figure 4: Collocated flight between Polar 5 and Polar 6 for a flight segment of 12 minutes
on 28 March 2022, between 14:12:30 and 14:14:20 UTC. a) in-situ particle size distri-
butions (PSD), recorded with different instruments on the Polar 6 aircraft. b) MiRAC
radar reflectivity measurements taken from the Polar 5 aircraft. The horizontal lines
represent the altitude from the two Polar research aircraft. c¢) Measured (MiRAC) and
simulated (PAMTRA ) radar reflectivity for the flight altitude of the Polar 6.

observations with Polar 5 and in-situ measurements with Polar 6 is used to characterize
cloud micro- and macrophysical properties. These collocated data set is very valuable
for the development of cloud retrieval algorithms. During the HALO-(AC)? campaign
both Polar aircraft spent in total 13 hours and 17 minutes, in a spatial range of 10 km
and a temporal range of 5 minutes, together. A section of these collocated measurements
is displayed in Fig. 4. The measurements from 28 March 2022 show a size distribution
of in-situ particle measurements, operated on Polar 6 (Fig. 4a) and radar reflectivity
measurements from the MiRAC instrument (Mech et al., 2019) on Polar 5 (Fig. 4b).
Based on the in-situ particle measurements, forward simulations were made with the
Passive and Active Microwave TRAnsfer (PAMTRA) tool (Mech et al., 2020), assuming
light riming. The result of the simulations is shown in Fig. 4c and compared to the
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measured radar reflectivity. In general there is a good agreement, just below 1.6° and
around 2.0° longitude the simulations are clearly below the measured radar reflectivity,
which indicates a stronger riming of the particles at these locations. The analysis of this
flight section demonstrates that it is possible to derive the radar reflectivity from in situ
particle size distributions. In a future study we aim to invert the radar measurements and
use similar tools to derive the cloud particle properties from remote sensing. This will
be more challenging, because the PSD and the amount of riming is unknown.

4 Lagrangian trajectory analysis of a Warm Air Intrusion

The meteorological state in the Arctic was analyzed based on ERAS reanalysis data
(Hersbach et al., 2020). Many atmospheric observations collected during the campaign,
such as most dropsonde thermodynamics profiles, were directly assimilated into ERAS.
Furthermore, ERAS5 has been shown to outperform several other reanalyses in Fram
Strait (Graham et al., 2019a,b). For trajectory calculations, ERAS wind fields were used
in conjunction with the Lagranto analysis tool (Sprenger and Wernli, 2015). For the
analysis presented here, trajectories were started:

* Temporally, every full hour between 9-15 March 2022

* Horizontally, along the 80°N latitude circle, in 1° steps between 15°W to 10°E
(i.e., between Greenland and Svalbard)

* Vertically, at a pressure level of 850 hPa

Trajectories were calculated 60 hours (2.5 days) forward in time. Along the trajectories,
a set of meteorological parameters were extracted from ERAS. In particular, the analysis
aimed at:

« The normalized density of trajectories per 100 km? area
* The air mass properties at the start of the drift, i.e., in Fram Strait

* The total change in meteorological parameters, i.e., the end value (t = +60 hours)
minus the start value (t = 0 hours)

4.1 Synoptic conditions and air mass pathways

Figure 5 shows the ERAS5-derived synoptic conditions for two distinct periods in mid-
March 2022. The period 9-11 March 2022 was defined as background period, as here
no increased values for total column water vapor were detected in the central Arctic.
On the contrary, 12-15 March 2022 was defined as WAI period. Driven by a dipole
pattern in mean sea-level pressure (black isobars), large amounts of water vapor (upper
row) and heat (lower row, air temperature at 850 hPa altitude) were advected towards
the North Pole. In the following chapter, the differences between these two periods are
characterized.

Figure 6 depicts the normalized density of air masses on their 2.5-day drift, starting
in Fram Strait. As can be seen, two very separate pathways emerge for the two time
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Figure 5: Synoptic overview of the two periods, based on ERAS. Depicted are the mean
values of (top panel) total column water vapor (filled contours), mean sea-level pressure
(contours, in hPa), (bottom panel) air temperature at the 850 hPa pressure level. In all
graphs, the gray lines denote the 15 % and 80 % sea-ice margins.

Figure 6: Normalized density of air mass trajectories initiated at 850 hPa altitude in
Fram Strait (orange line) along their 2.5-day drift. Two distinct periods are contrasted,
9-11 March 2022 versus 12-15 March 2022. The gray lines denote the 15 % and 80 %
sea-ice margins. Data is based on ERAS wind fields and Lagranto.
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periods. During 9-11 March 2022 air masses mostly drifted very slowly and generally
southwards. On the contrary, 12-15 March 2022 air masses were strongly pushed
northwards and traversed the North Pole.

These two pathways were not only geographically different, the properties of air masses
at the start and along the flow were also different.

4.2 Properties along pathways

Figures 7a and b compare the frequency distribution of the potential temperature 6 and
specific humidity g of the two air masses at the start of the trajectories. The change
of both parameters along the air mass trajectory is presented in Fig. 7c and d. At the
starting location, the background period of 9-11 March 2022 was characterized by an
air mass with a mean 850 hPa potential temperature of around 270 K, and on average
very low specific humidities of about 1gkg='. On their 2.5-day drift, the air mass
generally underwent medium moistening by 0-2 gkg™'. The distribution of potential
temperature change was bimodal. One mode was centered around 0K, 1.e., air masses
moved isentropically and did not undergo excessive heating. The slightly weaker second
mode peaked at an average diabatic warming of about 7 K. Overall, the 9-11 March
2022 air parcels showed many properties, which hinted towards a weak CAOQO, i.e., slight
moistening and diabatic heating, possibly reinforced by surface sensible and latent heat
fluxes from the warm ocean. This is in line with the trajectories depicted in Fig. 6.

In contrast, the WAI during 12-15 March 2022 caused a different transition of the air
mass. Already at the start location, potential temperatures were about 10 K higher, at
around 280 K. Furthermore, most air masses had an initial specific humidity of more
than 3 gkg™!. On their path towards the North Pole, these air masses lost most of their

Figure 7: Comparison of different air mass properties at the start and during their 2.5-
day drift. Shown are the histograms and kernel density functions for 9-11 March 2022 in
contrast to 12-15 March 2022. The parameters comprise a) potential temperature 6 and
b) specific humidity q at start, as well as their total change within 2.5 days (c and d).

10
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water vapor. Not least to their high initial air temperatures, they also cooled diabatically,
with mean values of -3 K to -8 K in 2.5 days.

S Summary and conclusions

In this report, we summarized the current activities of LIM with respect to the airborne
observations of Arctic air mass transformations during the HALO-(AC)? mission. The
campaign was conducted in March and April 2022 with the goal to perform quasi-
Lagrange observations of air mass transformations and to test the ability of numerical
atmospheric models to reproduce the measurements. Three aircraft, namely HALO,
Polar 5 and Polar 6, were involved to study clouds and the Arctic atmosphere on large
and small spatial scales. Three studies using HALO-(AC)? observations and reanalysis
data that are lead by LIM are reported here.

Vertical profiles characterizing the Arctic atmosphere are analyzed. With 492 launched
dropsondes, the Arctic atmosphere was extensively probed during HALO-(AC)?. Vertical
profiles of atmospheric properties were compared for locations over sea-ice and the ice-
free ocean. The comparison shows that in general lower temperatures, lower relative
humidities and lower wind speeds were present over ice than over ice-free ocean. In
addition, dropsonde profiles were analyzed along a CAO and show how the warm ocean
surface affects the air mass transformation.

Collocated observations from Polar 5 and Polar 6 were analyzed. In particular, radar
reflectivities were simulated based on in-situ measurements of cloud particle properties
measured with the Polar 6 aircraft. To evaluate how accurate these simulations are,
the results were compared with the radar measurements from the Polar 5 aircraft. This
comparison shows a good agreement between radar reflectivity measurements and sim-
ulations based on in-situ measurements indicating the potential of the collocated data
set.

Lagrangian trajectory analysis were used to characterize the synoptic conditions dur-
ing mid-March 2022, i.e., at the start of the HALO-(AC)® airborne campaign. The
background period defined here as 9-11 March 2022 was compared to the WAI period
of 12-15 March 2022. Two distinct pathways of air masses were found for these periods.
While the background case showed a slow southward drift of Fram Strait air parcels, the
WAL pushed large amounts of air towards the North Pole and beyond. The analysis of
air mass properties along their trajectories showed that not only the air-mass properties
at the start in Fram Strait differed, but also thermodynamic processes along the flow
(diabatic heating/cooling, moisture changes). It can be concluded that air masses in the
two periods underwent clearly distinct transformation processes.

These examples indicate the potential of the observations during the HALO-(AC)?
mission. Future analyis of the data will aim at a better understanding of how the transport
of air masses in the Arctic works and how it affects the large-scale environment.
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