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Abstract. Warm-air intrusions (WAIs) are responsible for the transportation of warm and moist air masses from
the mid-latitudes into the high Arctic (> 70° N). In this work, we study cirrus clouds that form during WAI events
(WAI cirrus) and during undisturbed Arctic conditions (AC cirrus) and investigate possible differences between
the two cloud types based on their macrophysical and optical properties with a focus on relative humidity over
ice (RHi). We use airborne measurements from the combined high-spectral-resolution and differential-absorption
lidar, WALES, performed during the HALO-(AC)3 campaign. We classify each research flight and the measured
clouds as either AC or WAI, based on the ambient conditions, and study the macrophysical, geometrical and
optical characteristics for each cirrus group. As our main parameter we choose the relative humidity over ice
(RHi), which we calculate RHi by combining the lidar water vapor measurements with model temperatures.
Ice formation occurs at certain RHi values depending on the dominant nucleation process taking place. RHi
can thus be used as an indication of the nucleation process and the structure of cirrus clouds. We find that
during WAI events the Arctic is warmer and moister and WAI cirrus clouds are both geometrically and optically
thicker compared to AC cirrus. WAI cirrus clouds and the layer directly surrounding them are more frequently
supersaturated, also at high supersaturations over the threshold for homogeneous ice nucleation (HOM). AC
cirrus clouds have a supersaturation-dominated cloud top and a subsaturated cloud base. WAI cirrus clouds also
have high supersaturations at cloud top but also at cloud base.

1 Introduction

Global warming, the increase in the average global tempera-
ture, is a well studied and proven fact (e.g., Hansen et al.,
2010; IPCC, 2021). In recent decades scientists have no-
ticed that the Arctic regions are warming much faster than
the global average, a phenomenon named Arctic amplifica-
tion (Serreze and Francis, 2006; Graversen and Wang, 2009;
Hansen et al., 2010; Wendisch et al., 2023). The exact causes,
processes and contributions of different atmospheric param-
eters to this phenomenon are a matter of ongoing research
(e.g., Winton, 2006; Graversen and Wang, 2009; Pithan et
al., 2018; Stuecker et al., 2018; Wendisch et al., 2019, 2023).
Some studies are identifying increased poleward atmospheric
transport into the Arctic as one of the reasons (Park et al.,
2015; Binder et al., 2017; Dahlke and Maturilli, 2017).

Such air mass transports are called warm-air intrusions
(WAIs). During WAI events warm, water-vapor-rich and
aerosol-rich air masses are meridionally transported from the
mid-latitudes into the otherwise cold, dry and “clean” Arctic
(Doyle et al., 2011; Stramler et al., 2011; Woods and Ca-
ballero, 2016; Liu et al., 2018; Pithan et al., 2018; Hartmann
et al., 2019, 2021; Beer et al., 2022; Dada et al., 2022). Apart
from the apparent transfer of sensible heat and the result-
ing warming, these events also affect the radiative balance in
the Arctic, which can lead to further warming. They increase
the amount of water vapor, an important greenhouse gas, the
amount of cloud condensation nuclei (CCN) and to a lesser
degree the amount of ice-nucleating particles (INPs) (Dada
et al., 2022), since only a very small amount of aerosols are
suitable as INPs (DeMott et al., 2003; Pruppacher and Klett,
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2010). This leads to an enhancement of the cloudiness and af-
fects the longevity of clouds (Dada et al., 2022; Kapsch et al.,
2013; Loewe et al., 2017; Mitchell et al., 2018) and in turn
affects the radiation balance as, for example, cirrus clouds
that form can have a warming effect by increasing the down-
ward longwave radiation (Shupe and Intrieri, 2004; Doyle et
al., 2011; Stramler et al., 2011; Park et al., 2015; Mitchell et
al., 2018; Pithan et al., 2018; Yamanouchi, 2019; Dada et al.,
2022). Studying these events is becoming increasingly more
important as studies have shown that there is an increase in
the amount and duration of WAI events in the Arctic, with
a projected continuing positive trend in the future, leading
to them playing an ever more important role in the Arctic
climate (Woods and Caballero, 2016; Graham et al., 2017;
Henderson et al., 2021).

Cirrus clouds play an important role in the regulation of
water vapor distribution and uptake for droplet and ice crystal
formation, as well as in the radiative processes of the upper
troposphere and lower stratosphere (UTLS), with a signifi-
cant effect on the climate (Liou, 1986; Krämer et al., 2016;
Dekoutsidis et al., 2023). During nighttime all clouds induce
a positive cloud radiative forcing (CRF) at the top of the
atmosphere (TOA), causing warming. During daytime, be-
cause of their unique nature, cirrus is the only cloud type that
can induce a positive CRF at TOA, depending on internal mi-
crophysical and external parameters such as solar zenith an-
gle, temperature, altitude and others (Gasparini et al., 2018;
Campbell et al., 2021; Marsing et al., 2023). The exact ra-
diative effects of cirrus clouds are still not well quantified,
although many studies conclude that they present an all-year
net warming globally and at high latitudes (Hong and Liu,
2015; Gasparini and Lohmann, 2016; Hong et al., 2016).

All cirrus clouds form via homogeneous (HOM) or het-
erogeneous (HET) ice nucleation, or rather a combination
of the two processes with one being dominant. The nucle-
ation process of each cloud is largely dictated by the ambient
conditions, e.g., updraft, available INPs, available moisture
and ambient temperature. Depending on the nucleation pro-
cess, the microphysical characteristics of the clouds are dif-
ferent, which in turn leads to differences in the macrophysi-
cal and radiative properties (Comstock et al., 2008; Mitchell
et al., 2018, 2020; De La Torre Castro et al., 2023). Based
on this, we expect cirrus clouds that form during WAI events
to have different formation processes, characteristics and ef-
fects compared to cirrus clouds that form in undisturbed Arc-
tic conditions. Studying the geometrical and optical proper-
ties of cirrus clouds under varying conditions is a prerequisite
to understanding their overall effect on the climate and Arctic
amplification.

Despite the abovementioned characteristics, the Arctic is a
region where atmospheric measurements are sparser than at
lower latitudes, be it water vapor, aerosols, INPs, clouds or
supersaturation. Direct measurements of WAI events in the
Arctic and especially of cirrus clouds during these events are
also lacking (Wendisch et al., 2019). This hinders the study

of one of the components expected to have a major impact
on Arctic amplification. Additionally, even in existing stud-
ies about the changing Arctic, cirrus clouds are frequently
overlooked (Ali and Pithan, 2020; Bossioli et al., 2021; Gra-
ham et al., 2017; Park et al., 2015). Due to this lack of data,
models have been used, but still many of them use simple
parametrizations, which also need measurements in order to
be verified and further developed (Wendisch et al., 2019).

The HALO-(AC)3 campaign was conducted in spring of
2022 aiming to fill this observational gap (Ehrlich et al.,
2023; HALO AC3, 2023). In this work we use airborne li-
dar measurements of cirrus clouds conducted in the Arctic
regions during this campaign. Airborne lidar measurements
have been shown to be suitable for the study of cirrus clouds
(Dekoutsidis et al., 2023; Groß et al., 2014). During the cam-
paign the flight planning was conducted in such a way that
air masses and clouds were measured both under undisturbed
Arctic (AC) conditions as well as during WAI events. We
group the measured clouds accordingly into Arctic (AC) cir-
rus and warm-air-intrusion (WAI) cirrus depending on the
ambient conditions. Our aim is to study how the Arctic re-
gion and the cirrus clouds that form there are affected by WAI
events with respect to their geometrical, optical and macro-
physical properties.

We are specifically interested in the relative humidity over
ice (RHi). Ice supersaturation, RHi > 100 %, commonly oc-
curs inside and around cirrus clouds, especially in the Arc-
tic regions (Ovarlez et al., 2002; Spichtinger and Gierens,
2009; Krämer et al., 2016; Gierens et al., 2020; Dekoutsidis
et al., 2023). It is a prerequisite for the formation of any
ice cloud either by HOM or HET nucleation. Nevertheless,
the nucleation process taking place is strongly correlated to
the distribution of RHi in the resulting cloud, as, for exam-
ple, HOM needs a much higher RHi to initiate (Koop et al.,
2000; Kärcher and Lohmann, 2002, 2003; Haag et al., 2003;
Krämer et al., 2009; Spichtinger and Gierens, 2009; Kärcher,
2012; Kärcher et al., 2022). Thus, by studying the RHi inside
and in the vicinity of cirrus clouds, we can also gain some
insights in the nucleation processes (Kärcher and Lohmann,
2002, 2003; Haag et al., 2003; Urbanek et al., 2017; Dekout-
sidis et al., 2023). RHi is also important to the evolution and
life cycle of cirrus, as it guides processes such as deposition
and sublimation of ice crystals and regulates water vapor up-
take for ice crystal nucleation (Kärcher, 2012; Zhao and Shi,
2023). Despite its importance, the exact mechanisms control-
ling the RHi are not well understood, and although ice nucle-
ation parametrizations that take supersaturation into account
have been developed, some global models still do not allow
high ice supersaturation values in their simulations (Kärcher
and Lohmann, 2002, 2003; Haag et al., 2003; Lohmann et
al., 2004; Liu et al., 2007; Comstock et al., 2008).
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2 Data and method

2.1 HALO research aircraft and HALO-(AC)3 campaign

The German High Altitude and LOng Range (HALO) re-
search aircraft is a platform for airborne measurements of the
atmosphere. With a maximum range of 12 500 km, a flight
ceiling of 15.5 km and a maximum payload of 3 t it is ca-
pable of transporting the necessary instrumentation and per-
sonnel to remote polar regions while also reaching the high
altitudes, making it an ideal platform for the study of cirrus
clouds in the Arctic (Krautstrunk and Giez, 2012; Groß et al.,
2014).

HALO was employed for the HALO-(AC)3 field campaign
during March/April 2022 (Ehrlich et al., 2023; HALO AC3,
2023). The aim of the campaign was among others to in-
vestigate warm-air intrusions (WAIs) into the Arctic. HALO
was equipped with state-of-the-art, active and passive remote
sensing instrumentation and was stationed in Kiruna, Swe-
den (Ehrlich et al., 2023). A total of 18 research flights were
performed covering a vast area in the Arctic between north-
ern Sweden, the North Pole and Greenland, during which air
masses and clouds with various origins and characteristics
were measured. In this study we use data retrieved during 15
of these research flights, excluding the transfer flights as well
as flights with ambiguous classification or too few measured
clouds. In Fig. 1 we present the water vapor mixing ratio
measured along the flight tracks of these flights, grouped into
two groups: Fig. 1a showcases flights during which undis-
turbed Arctic conditions where prevailing and Fig. 1b shows
flights during prevailing WAI events.

2.2 WALES lidar system

The WAter vapor Lidar Experiment in Space (WALES) lidar
system is a state-of-the-art instrument developed and oper-
ated by the Institute of Atmospheric Physics (IPA) at DLR
(Wirth et al., 2009). It is a combined differential-absorption
lidar (DIAL) and high-spectral-resolution lidar (HSRL) sys-
tem (Ehret et al., 1993; Esselborn et al., 2008). It can pro-
vide collocated measurements of the extinction coefficient,
backscatter coefficient, linear particle depolarization ratio
and water vapor mixing ratio. For the DIAL technique laser
pulses are emitted at four wavelengths in the 935 nm absorp-
tion band of water vapor, one offline and three online. The
depolarization is measured by a cross-polarized channel at
532 nm wavelength. The 532 nm signal is also used for the
extinction coefficient measurements by the HSRL method
(Ehret et al., 1993; Esselborn et al., 2008), which then also
provides the backscatter coefficient.

In this study we use the measured backscatter coefficient
and depolarization ratio for the construction of our cloud
mask, the two-way optical transmission due to particle ex-
tinction to calculate the optical depth, and the water vapor
mixing ratio in the calculation of the RHi. An advantage of

airborne lidar measurements in general is that the measure-
ments come in the form of a two-dimensional curtain cover-
ing almost the whole atmospheric column, from the aircraft
to the earth’s surface, when conditions are favorable. Thus,
with a single overpass of a cloud, information about its verti-
cal and horizontal structure is provided. The total flight time
in AC and WAI conditions and the total number of HSRL
and DIAL data points are given in Table 1. Another advan-
tage of WALES is the accuracy of the measurements. Kiemle
et al. (2008) estimate the statistical error in the retrieval of the
water vapor to be around 5 %. The exact value for each mea-
surement might differ as it depends on various parameters but
is estimated and tabulated in the datasets. During the HALO
TECHNO mission, WALES performed water vapor measure-
ments from HALO, while a second aircraft was conducting
simultaneous in situ measurements at a lower altitude. Groß
et al. (2014) compared the WALES DIAL to the collocated
in situ measurements (their Fig. 4) and found a deviation of
< 1 % between the two datasets when the horizontal separa-
tion of the two aircraft was small. In the same publication
they also highlight the suitability of WALES for the study
of cirrus due to its capability of resolving even small-scale
features of the clouds (Groß et al., 2014).

2.3 Methodology

2.3.1 Flight grouping

In this study we aim to detect differences in cirrus clouds
measured in the high Arctic during undisturbed Arctic con-
ditions (AC) and during prevailing warm-air-intrusion (WAI)
conditions. In order to accurately identify the ambient condi-
tions as AC and WAI and correctly group each flight into one
of the two categories, various sources and parameters were
used. The first step was already taken during the campaign.
Daily weather briefings were held for the flight planning.
Discussed during these briefings were amongst others the
surface analysis, the development of circulation patterns, the
wind fields, and air mass advections, as well as more specific
forecasting indexes like the vertically integrated water vapor
transport (IVT). The IVT is calculated from the surface and
up to 300 hPa and is used to define WAIs and atmospheric
rivers with a common threshold being 250 kg m−1 s−1. This
already allowed an early classification of the flights. Addi-
tionally, after the campaign we once again studied the syn-
optic situation for each flight, using the geopotential height,
temperature and total column water vapor fields from the
ERA-5 reanalysis dataset (Hersbach et al., 2023), as well as
the water vapor measurements from WALES. Flights during
which the general circulation would allow for the transport of
air masses from the mid-latitudes and elevated temperatures
and water vapor concentrations were detected were classi-
fied as WAI. Despite it not being set as a threshold during the
selection, all AC flights had a mean water vapor mixing ra-
tio strongly below 500 ppm as measured by WALES, while
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Figure 1. Total column water vapor mixing ratio (wvmr) measured along the flight tracks of 15 flights during the HALO-(AC)3 campaign
in March/April 2022. (a) Flights during undisturbed Arctic conditions (AC). (b) Flights during an active warm-air-intrusion (WAI) event.
Background map tiles, borders and coastlines are by Natural Earth (naturalearthdata.com). License: public domain.

Table 1. Amounts of WALES data used in this study. Data points grouped according to the prevailing synoptic situation.

Arctic (AC) conditions Warm-air intrusions (WAIs)

Total time of flights (HH:MM:SS) 61:08:24 43:40:12
Total amount of data HSRL (in-cloud) 9′652′871 (808′073) 6′448′923 (1′381′828)
Total amount of data DIAL (in-cloud) 8′418′723 (687′481) 4′330′523 (942′111)

WAI flights had a mean strongly above 500 ppm. In Fig. 2
an example of the performed analysis is presented, showcas-
ing on the right side the geopotential heights allowing the
northward transport and elevated water vapor concentrations.
Henceforth, we shall refer to the cirrus clouds of the AC and
WAI groups as Arctic cirrus and WAI cirrus respectively. In
order to be more precise in our classification, parts of some
flights where discarded, mostly due to HALO exiting the WAI
events when performing turns.

2.3.2 Ambient conditions

After performing this initial analysis and creating the two
groups, we used again the temperature and water vapor fields
from the ERA-5 reanalysis dataset as well as the water va-
por mixing ratio measurements by WALES to quantify the
differences between the two groups. For the ERA-5 fields
we calculated the means in a box with coordinates −30 to
30° E and 70 to 85° N, which contains the region where the
field campaign took place. For the temperature field we used
the pressure levels at 250, 500, 850 and 1000 hPa in order
to cover the whole atmospheric profile. The means of each
atmospheric column for the water vapor mixing ratio mea-
sured by WALES were calculated along the flight track of
each flight. Results regarding the water vapor mixing ratio
are also discussed on four levels from 0 to 12 km.

2.3.3 Relative humidity over ice (RHi)

In order to calculate the RHi we use the water vapor
measurements from WALES and model temperatures from

the European Centre for Medium-Range Weather Forecasts
(ECMWF). To obtain temperature data at the measure-
ment location, ECMWF operational analysis and short-term
forecast fields from the atmospheric high-resolution model
(HRES, 0.125× 0.125 grid, 137 model levels) are spatially
and temporally interpolated to the observation locations. For
details about the data and interpolation the interested reader
is referred to Schäfler et al. (2020). We apply the formula
from Huang (2018) to calculate the saturation vapor pressure
over ice from which we then find the RHi. This method has
also been used by Groß et al. (2014), Urbanek et al. (2017,
2018) and Dekoutsidis et al. (2023). Groß et al. (2014) ad-
ditionally perform an in-depth analysis on the suitability of
the ECMWF model temperatures and the resulting errors.
They compare the model temperatures with in situ aircraft
measurements and find a height-independent difference of
0.8 K (THALO− TECMWF) in the usual altitude range of cir-
rus clouds. They conclude that this leads to an uncertainty of
10 %–15 % in the final calculated RHi but consider ECMWF
model temperatures suitable for this type of study. Wirth and
Groß (2023) compared the ECMWF temperatures with drop-
sonde data from the HALO-(AC)3 campaign and also came
to the same conclusion. Since we use data from the same
instrument and a similar methodology we consider that the
same applies also for our study.

2.3.4 Masking

During each flight various clouds and cloud types are mea-
sured as well as the cloud-free atmosphere. In order to keep
only the cirrus clouds, we created and applied a cloud mask
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Figure 2. In color we present the total column water vapor, and the contours represent the geopotential height at 500 hPa in geopotential
meters (gpm) at the temporal midpoint for the HALO-(AC)3 research flights used in this study. Data from the ERA-5 reanalysis dataset. Also
depicted is the flight track for each flight. The flights to the left of the red line are the Arctic condition (AC) cases and to the right of the red
line the WAI cases.

to our data (Table 2). We defined three regions: in-cloud,
near-cloud and cloud-free. For the definition of the in-cloud
data points we used the backscatter ratio (BSR), particle lin-
ear depolarization (PLDR) and altitude (H ). The backscatter
ratio, BSR, can also be calculated via the HSRL method and
is defined as the ratio of the total backscatter from aerosol
particles and molecules over the molecular backscatter. For
the BSR we performed an analysis and found a BSR thresh-
old of 2 to be fitting for this study. Groß et al. (2014), Ur-
banek et al. (2017 and 2018) and Dekoutsidis et al. (2023)
found a wide range of BSR values between 2 and 25 to be
suitable to define the in-cloud data, without significantly af-
fecting the results. For the PLDR we chose a threshold of
20 % as this is representative for ice crystals (Gobbi, 1998;
Chen et al., 2002; Comstock et al., 2004). Finally, we chose
to keep only data above an altitude of 3000 m in order to re-
move any lower clouds. The near-cloud data points form a
band around the previously defined cloud borders. This band
reaches 80 km before and after the cloud edges and 500 m
above/below the cloud top/base. The cloud-free area consists
of all the data beyond the near-cloud area. An example of the
data and the resulting three areas can be seen in Fig. 3.

2.3.5 Nucleation processes

The nucleation process of cirrus can be either homogeneous
(HOM) or heterogeneous (HET). HOM nucleation occurs

Table 2. Thresholds for the in-cloud, near-cloud and cloud-free
masks.

In-cloud BSR≥ 2
PLDR≥ 20 %
H ≥ 3000 m

Near-cloud 80 km before and after cloud edges
500 m over/under cloud top/bottom
H ≥ 3000 m

Cloud-free remaining data points
H ≥ 3000 m

when supercooled solution droplets (SSPs) freeze at low tem-
peratures (< 235 K), but very high supersaturations are nec-
essary (Koop et al., 2000; DeMott et al., 2003; Pruppacher
and Klett, 2010). For HET nucleation to take place, ice-
nucleating particles (INPs) are needed (DeMott et al., 2003;
Pruppacher and Klett, 2010). INPs with different characteris-
tics have different freezing thresholds. Easily activated INPs
can initiate the formation of ice crystals already at low su-
persaturations (DeMott et al., 2003; Kärcher and Lohmann,
2003). Here, we calculate three temperature-dependent RHi
thresholds shown in Table 3: one for HOM nucleation and
two for HET nucleation (Urbanek et al., 2017, their Table 1,
and original formulations from Krämer et al., 2016). For the
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Figure 3. Example of cloud mask application. (a) Complete RHi curtain with cloud mask outline (b) in-cloud data, (c) near-cloud data
and (d) cloud-free data. The black lines correspond to the mask parameters. The color scale represents RHi. White areas have no data.
HALO-(AC)3 campaign research flight 17 on 11 April 2022, including the whole flight as shown in Fig. 2.

higher HET threshold, we consider coated soot (CS) as the
INP, which is ineffective, and thus higher RHi values are nec-
essary. For the lower HET threshold, we choose mineral dust
(MD), which is more efficient as an INP needing lower RHi
(DeMott et al., 2003; Kärcher and Lohmann, 2002). We also
calculate the temperature-dependent saturation threshold for
liquid water, which serves as a limit for the abovementioned
ice nucleation processes, since they cannot take place above
it.

Further, we define four RHi regimes independent of the
previous analysis: the first one containing RHi values over
147 %, in which HOM nucleation would be possible under
favorable conditions (high-RHi regime); two regimes con-
taining RHi values where HET nucleation would be possi-
ble – mid-RHi regime containing RHi values from 123 %
to 147 % and low-RHi regime with values from 100 % to
123 %; and, finally, the subsaturated regime containing RHi
values below ice saturation. The threshold between the mid-
and low-RHi regime is effectively splitting the range were

HET nucleation would be possible in half and is not depen-
dent on a specific INP.

3 Results

3.1 The high Arctic under AC and WAI conditions

The general state of the atmosphere in the high Arctic is
bound to change significantly during a WAI event as warm
and moist air masses are introduced into the otherwise cold
and dry region. In Table 4 we present a quantification of these
differences from our analysis. We start by looking into the to-
tal column water vapor and temperature fields from the ERA-
5 reanalysis dataset. As expected, there is an increase in both
the mean amount of water vapor present in the high Arctic
and the temperature during the days with a prevailing WAI
event. On average the available water vapor doubles from
3.4 to 6.9 kg m−2 between AC and WAI conditions respec-
tively. Regarding the temperature we present an analysis on
four pressure levels, from near-surface (1000 hPa) up to the
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Table 3. Temperature-dependent thresholds for HOM nucleation and HET nucleation on mineral dust (MD) and coated soot (CS). Temper-
atures in K.

RHHOM
i = 232 %–0.37 %×T K−1 Parametrization from Urbanek et al. (2017)

based on Koop et al. (2000)

RHHET (MD)
i = 134 %–0.1 %×T K−1 From Krämer et al. (2016)

RHHET (CS)
i = 230 %–0.43 %×T K−1 From Krämer et al. (2016)

250 hPa pressure level. We find an average surface warm-
ing of almost 10 K during WAI events. Higher temperatures
are detected on average during WAI events up to the 500 hPa
pressure level, with the differences becoming progressively
smaller for higher altitudes until the 250 hPa pressure level
where the Arctic becomes on average slightly warmer on AC
condition days, in contrast to the lower altitudes. A probable
explanation for this observation is that due to the colder AC
conditions the tropopause is lower and the 250 hPa pressure
level is already in the stratosphere, where the temperature
tends to increase with altitude.

In Table 1 we show that WALES collected a significant
amount of data during the research flights performed under
both AC and WAI conditions, in total as well as in-cloud.
This gives us the confidence to perform statistical analy-
ses and extract results representative of cirrus clouds in the
spring high Arctic. Thus, after studying the ERA-5 reanal-
ysis dataset we further augment our analysis by using the
measurements taken by WALES during the HALO-(AC)3

campaign (Table 4). Similar to the findings from ERA-5,
the mean water vapor mixing ratio measured during research
flights with prevailing WAI events is found to be more than
double compared to flights under AC conditions, with 888
and 352 ppm respectively. Since WALES provides a two-
dimensional dataset we are further analyzing the water vapor
mixing ratio on four vertical levels, from earth’s surface up
to an altitude of 12 km. We find that throughout the atmo-
spheric profile there is around 2.5 times more water vapor
in the Arctic troposphere during prevailing WAI events com-
pared to flights under AC conditions.

3.2 Cirrus clouds under AC and WAI conditions

3.2.1 Geometrical and optical characteristics

The geometrical characteristics of cirrus clouds measured
during flights under AC and WAI conditions also differ from
each other as we show in Table 4. Cirrus clouds are on av-
erage geometrically thicker when measured during a WAI
event than during AC conditions, with a mean geometric
depth of 3141 and 2037 m respectively. When considering
the cloud base heights, we find that the cloud base of WAI cir-
rus is higher than that of AC cirrus by an average of around
652 m (4990 and 4338 m respectively). Similarly, the cloud
tops of WAI clouds reach much higher than the tops of AC

cirrus clouds by an average of around 1755 m, with 8131 and
6376 m respectively. Hence, the cloud base heights of Arc-
tic and WAI clouds are closer to each other than the average
cloud top heights.

It must be kept in mind that in some cases the cloud
bases might have been excluded due to the altitude limit of
the cloud mask. Additionally, in some cases the lidar signal
might become completely attenuated before reaching the ac-
tual cloud base. In that case the cloud base is considered the
lowest altitude where a measurement was taken. The cloud-
base heights defined by the lidar measurements were com-
pared to the ones measured by the HALO Microwave Pack-
age (HAMP) cloud radar (Mech et al., 2014). An average
difference (HWALES−HHAMP) of 388 m for WAI clouds and
−118 m for AC cirrus was found. The bigger vertical extent
of the WAI cirrus can also be attributed to the generally ex-
pected higher tropopause altitude during WAI events due to
the warmer ambient temperatures.

Finally, we have also calculated the average optical depths
for AC and WAI cirrus. As would be expected also due to
the differences in their geometrical extent, WAI cirrus clouds
have an optical depth that is almost 2 times greater than AC
cirrus clouds with 2.48 and 1.39 respectively.

3.2.2 Distribution of RHi

In Fig. 4 we present the 2-D probability densities of RHi with
respect to ambient temperature for the in-cloud, near-cloud
and cloud-free regions of the research flights in the AC and
WAI groups (see Sect. 2.3.3 and 2.3.1). Additionally, for each
panel we plot the ice saturation threshold (RHi= 100 %)
and water saturation threshold, as well as three temperature-
dependent nucleation thresholds: two for HET nucleation,
one for mineral dust (MD) as INP and one for coated soot
(CS), as well as the threshold for HOM nucleation (see
Sect. 2.3.5). A small fraction of the data in the in-cloud and
near-cloud areas are detected over the water saturation line
as was the case also in Ovarlez et al. (2002), who performed
in situ measurements. Similar to them and also Urbanek et
al. (2017), who also do not take the water saturation thresh-
old into account in their analysis, we conclude that these are
artifacts or erroneous data but represent too small an amount
of the whole dataset to have an effect on the further analysis.

Starting with the in-cloud data for the two groups, panels
(a) and (d), we find that the peak of the probability density
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Table 4. Differences in available water vapor, temperature, and cloud geometric and optical characteristics during research flights of the
HALO-(AC)3 campaign under Arctic (AC) and warm-air-intrusion (WAI) conditions. Overview from ERA-5 reanalysis dataset and data
from WALES measurements. Presented in value ± standard deviation.

AC WAI WAI-AC Difference %

ERA-5 means

Total column water vapor (kg m−2) 3.4± 0.4 6.9± 1.9 3.5 103.3

Temperature (K) at

250 hPa 219± 5 216± 6 −3 −1.6
500 hPa 237± 2 242± 4 5 2.2
850 hPa 257± 1 266± 3 8 3.2
1000 hPa 260± 1 270± 4 10 3.8

WALES means

Total water vapor mixing ratio (ppm) 352± 93 888± 280 536 152.4

Water vapor mixing ratio (ppm) for

9–12 km 8± 2 22± 10 14 171.0
6–9 km 70± 32 177± 49 107 152.0
3–6 km 382± 107 908± 183 526 137.4
0–3 km 947± 149 2446± 528 1499 158.3

Cloud characteristics

Cloud geometrical depth (m) 2037± 855 3141± 734 1104 54.2
Cloud top height (m) 6376± 1195 8131± 1229 1755 27.5
Cloud base height (m) 4338± 609 4990± 1284 652 15.0
Optical depth 1.39± 0.34 2.48± 0.98 1.09 78.4

for the in-cloud data of the AC cirrus group is at an RHi of
100 % and a temperature of 242 K. For the WAI cirrus the
peak probability is at a similar RHi of 99 % and a slightly
higher temperature of 246 K. Thus, the highest frequency of
detection for both cloud types is around the saturation level.
WAI cirrus clouds are detected in a wider range of temper-
atures than AC cirrus clouds both on the warmer and the
colder end. WAI cirrus clouds also appear to be more fre-
quently supersaturated than Arctic cirrus clouds. Both cloud
types have a significant amount of data points over the ac-
tivation threshold of mineral dust. While WAI cirrus clouds
also reach up to the activation threshold for coated soot al-
most throughout the whole temperature range, the AC cirrus
clouds only reach that threshold on a narrower temperature
range. Inside WAI cirrus the frequency of detection over the
activation threshold for CS is significantly higher than for
the AC cirrus. The same applies also for the HOM thresh-
old, with the WAI cirrus having a lot more data points over it
compared to AC cirrus.

Regarding the air masses immediately bordering the
clouds of the two groups (Fig. 4b and e), the temperature
ranges are similar to the in-cloud data points of each group.
Judging by the contours we see that there is still a high fre-
quency of supersaturated data points, but most are subsatu-
rated, with significant amounts reaching values close to 0 %

RHi, especially for the WAI clouds. These values might be a
result of the near-cloud area extending into the stratosphere
or an indication of complete depletion of the available water
vapor during cloud formation. Regarding the supersaturated
data points, we find that the air bordering AC cirrus clouds
frequently passes the MD activation threshold and reaches up
to the CS activation threshold. The probability density over
the CS threshold drops significantly with only a very small
fraction of the data points reaching values over the HOM
threshold. For the WAI cirrus, on the other hand, the proba-
bility density for supersaturated data points over the CS acti-
vation threshold and also over the HOM threshold is higher.
For both cloud types the probability density for supersatu-
rated data points is higher in the near-cloud than the in-cloud
area.

The cloud-free air for the two groups is rather similar, al-
though there are some differences. Firstly, as also noted in
the in-cloud and near-cloud areas, the temperature range of
the atmospheric background during AC conditions is nar-
rower than for the WAI conditions. During AC conditions the
cloud-free air is more frequently supersaturated but mostly
up to the activation threshold for MD, whereas during WAI
conditions the cloud-free air is less frequently supersaturated
but reaches values over the MD activation threshold and up
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Figure 4. Probability densities of relative humidity over ice (RHi) with respect to temperature for cirrus clouds and their adjacent near-cloud
and cloud-free areas, measured under Arctic conditions (AC) and under WAI conditions (WAI). (a) In-cloud data from AC cirrus, (b) near-
cloud area around AC cirrus, (c) cloud-free area around AC cirrus, (d) in-cloud data from WAI cirrus, (e) near-cloud area around WAI cirrus,
and (f) cloud-free area around WAI cirrus. Panels (c) and (f) have a different range in the color scale than the other panels but the same as
each other. The bin sizes are 0.5 K and 1 % RHi. The contour lines represent the 0.25, 0.5 and 0.85 probability contours in black, gray and
yellow respectively. The dotted line represents the ice saturation threshold (RHi= 100 %). The dash dotted line corresponds to the threshold
for heterogeneous nucleation (HET) with mineral dust (MD) as the ice-nucleating particle (INP), which is efficient in initiating ice formation.
The dashed line is the threshold for HET nucleation with coated soot (CS) as INP, which is not as easily activated as MD. The solid line
denotes the threshold above which homogeneous nucleation (HOM) can take place. Ice crystals can form via HOM nucleation without the
need of INPs.

to the CS threshold. The differences are made clearer in the
further statistical analysis.

In Table 5, we present a more quantitative temperature-
independent analysis. We have defined four RHi regimes
– subsaturated, low RHi, mid-RHi and high RHi (see
Sect. 2.3.5) – and calculate the frequency of detection for
each bin for the in-cloud, near-cloud and cloud-free regions
as defined in Sect. 2.3.4. The low- and mid-RHi regimes are
frequently grouped as they both contain RHi values which
would warrant HET nucleation under favorable conditions.

In Table 5, we show that 57.39 % of the data points in WAI
cirrus and 53.91 % of the data points in AC cirrus are su-
persaturated. Most of the supersaturated data points for both
cloud types are below the high-RHi regime, 57.15 % and
53.87 % for WAI and AC cirrus respectively. The frequen-
cies in the low-RHi regime are quite similar, 52.12 % and
51.88 % for WAI and AC cirrus respectively, but the differ-
ence in the mid-RHi regime is bigger, 5.03 % for WAI and
1.99 % for AC cirrus. In the high-RHi regime, there is also
a higher frequency for the WAI clouds (0.23 %) compared to
the AC clouds (0.04 %).

RHi values in the near-cloud area are most frequently sub-
saturated for both cloud groups. Around WAI cirrus, super-
saturation is detected with a frequency of 24.18 %, while

it is 22.83 % around AC cirrus. A total of 23.78 % of the
WAI cirrus near-cloud data and 22.80 % of the AC data are
below the high-RHi regime. The frequency in the low-RHi
regime is slightly higher for the AC cirrus (22.02 % against
19.72 % for WAI), in contrast to the frequency of the mid-
RHi regime which is significantly higher for the WAI cirrus
(4.06 % against 0.78 % for AC cirrus). Regarding the high-
RHi regime the frequency for the WAI cirrus is 0.41 % in
comparison to 0.04 % for AC cirrus.

Finally, the cloud-free background conditions are strongly
dominated by subsaturated data. Supersaturation is not fre-
quent during AC or WAI conditions, 0.69 % and 0.64 % re-
spectively. In the low-RHi regime, the frequency is 0.68 %
for the AC conditions and 0.60 % for the WAI conditions re-
spectively. The frequency in the mid-RHi regime is 0.04 %
for the WAI conditions and 0.01 % for AC conditions. The
frequency of detection in the high-RHi regime is 0 for AC as
well as WAI conditions.

In summary, we find inside and around AC cirrus very
few data points with RHi in the mid- and high-RHi regimes,
which is consistently lower than for the WAI cirrus, with the
exception of the near-cloud low-RHi regime. This could be a
possible indication that these clouds formed via HOM nucle-
ation, thus depleting the higher RHi values. Another possibil-
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Table 5. Probabilities of RHi for the in-cloud, near-cloud and cloud-free regions of the AC and WAI cirrus groups.

In-cloud Near-cloud Cloud-free

AC WAI AC WAI AC WAI

RHi probability [%]

≥ 100% 53.91 57.39 22.83 24.18 0.69 0.64

RHi probability [%]

Low RHi (100 %–123 %) 51.88 52.12 22.02 19.72 0.68 0.60
Mid-RHi (123 %–147 %) 1.99 5.03 0.78 4.06 0.01 0.04
High RHi (≥ 147 %) 0.04 0.23 0.04 0.41 0.00 0.00

ity would be that this observation stems from the detection of
older stable clouds where new ice formation has seized after
either HET or HOM nucleation due to depletion of the avail-
able water vapor. On the other hand, the WAI cirrus clouds
are detected with more data points in the mid- and high-
RHi regimes compared to the AC cirrus and similar or fewer
points in the low-RHi regime. This could be an indication
of either young newly formed clouds or stable clouds where
new ice crystals are still being formed because of the greater
amounts of available water vapor. Both HET and HOM nu-
cleation are possible under favorable conditions.

To verify the statistical significance of the results pre-
sented in Table 5, a two-sample t test was conducted. First
the variance, skewness and kurtosis of each group were tested
to see if such a test could be applied. The t test returned
t statistics higher than 0 and p values less than 0.05 % for
all comparisons.

3.2.3 Vertical structure of RHi inside AC and WAI cirrus

In Fig. 5 we present the vertical distribution of RHi within
the AC (top) and WAI (bottom) cirrus clouds. We consider
the distributions from cloud base to cloud top (left) and with
respect to altitude (right). For both groups the cloud tops are
dominated by high supersaturations, while the cloud bases
are mostly populated by subsaturated data points. Although
the general structure is similar, a more detailed analysis re-
veals some differences. AC cirrus clouds are strongly dom-
inated by high supersaturations down to 20 % cloud depth.
From 20 % to 40 % cloud depth the amount of data in the
high-RHi regime is reduced significantly and the clouds have
mostly RHi in the mid-RHi regime. The low-RHi regime is
most dominant from 40 % down to 60 % cloud depth. The
subsaturated regime starts becoming more and more signifi-
cant already from cloud middle and becomes dominant from
70 % cloud depth down to cloud base. WAI cirrus clouds are
also populated mostly by RHi in the high-RHi regime in the
first 20 % of the cloud depth, but already after the first 10 %
the mid-RHi regime has a significant contribution. The mid-
RHi regime is the most populated from 20 % cloud depth
down to cloud middle. From cloud middle and until 90 %

cloud depth, the low-RHi and subsaturated regimes have a
similar probability density. The cloud base is clearly domi-
nated by subsaturation, although interestingly the high-RHi
regime becomes significant again at this cloud depth.

Regarding the vertical structure with respect to altitude,
first we confirm our previous finding that the WAI cirrus
clouds extend higher in the troposphere. AC cirrus clouds
seem to be strongly subsaturated for altitudes below 5 km.
After that they tend towards high RHi between 5 and 8 km,
with a peak at around 6 km. For WAI cirrus there is a clear
trend to high supersaturations towards higher altitudes. From
the cutoff at 3 km and up to 7 km the distribution is rather
stable around the ice saturation (RHi= 100 %), with strong
contributions also from subsaturated data. From an altitude
of 8 km and up to almost 12 km, supersaturation becomes
dominant, and higher RHi becomes more frequent towards
higher altitudes.

4 Discussion and conclusions

The analysis of the temperature fields from the ERA-5 re-
analysis dataset revealed that the high Arctic is on average
around 8 K warmer during a prevailing WAI event for a layer
from the surface up to 500 hPa. At the surface the difference
is greater – almost 10 K. Stramler et al. (2011) also define
two atmospheric states in the Arctic during winter: a cloudy
and warmer one and a clear-sky and cold one. The charac-
teristics of these two states closely correspond to WAI events
and an undisturbed Arctic as defined in our study. They find a
similar temperature difference at the surface of 13 K. Johans-
son et al. (2017) used satellite measurements and detected a
surface temperature increase of 5.3 K in winter because of
air mass intrusion events. At the pressure level of 250 hPa we
find the WAI to be slightly colder than the AC, in contrast
to the other pressure levels. This might be an indication that
due to the colder temperatures during AC conditions the tro-
posphere is thinner so that the 250 hPa level is already in the
stratosphere, where the temperature tends to increase again.

For the water vapor concentrations, we used both the to-
tal column water vapor from the ERA-5 reanalysis dataset
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Figure 5. (a, c) Probability densities of in-cloud RHi in a relative location to the cloud top. Every cloud is split into 10 percentiles from
cloud top to cloud base, and for each percentile the probability densities of each RHi bin (subsaturated, low RHi, mid-RHi and high RHi; see
Sect. 2.3.5) are calculated. (b, d) Probability densities of in-cloud RHi with respect to altitude. Bin sizes are 2.5 % RHi and 500 m altitude.
(a, b) Cirrus clouds measured under AC conditions. (c, d) Cirrus clouds measured under WAI conditions.

and our own measurements of the water vapor mixing ra-
tio from the WALES lidar system. Both datasets showed
on average an increase of up to 2.5 times in the water va-
por concentration during prevailing WAI events, reaching up
to ∼ 888 ppm. Gierens et al. (2020) found mixing ratios up
to 500 ppmv in the ice supersaturated regions of the Arctic
with the use of radiosondes. Doyle et al. (2011) performed
ground-based measurements for one WAI case and found that
the water vapor mixing ratio during the intrusion event was
4 times higher compared to a background measurement.

The cirrus clouds that form under Arctic (AC) and warm-
air-intrusion (WAI) conditions are also found to have dif-
ferences. Starting with their geometrical characteristics, we
found that WAI cirrus clouds are thicker than AC cirrus
clouds, with a mean depth of around 3141 and 2037 m re-
spectively. WAI cirrus clouds have a slightly higher cloud
base (4990 m compared to 4338 m) but extend on average
1755 m higher, with a mean cloud top height of 8131 m com-
pared to 6376 m for AC cirrus clouds. This finding could be
explained by the warmer conditions during WAI events caus-
ing the troposphere to thicken in general, allowing clouds to
extend to higher altitudes. Devasthale et al. (2011) studied
the geometrical properties of cirrus clouds with an optical
depth < 3 in the Arctic over a period of 4 years. They re-
ported a mean geometrical depth of 0.4–1 km with an average

cloud base around 6–8 km and an average cloud top around
7–9 km. Nakoudi et al. (2021) used an earthbound Raman
lidar at Ny-Ålesund, Svalbard, and radiosondes to measure
cirrus properties from 2011 to 2020. They report average cir-
rus cloud depths of 2.1 km during winter, with a cloud base
around 7.1 km and a cloud top on average at 9.3 km. Finally,
Schäfer et al. (2022) use a ground-based and spaceborne li-
dar and measure cirrus clouds over the Norwegian Arctic for
a period of 7 years. They find a yearly average cloud thick-
ness of 2.2 km, an average cloud base at 6.9 km and cloud
top at 9.1 km. Differences between the reported cloud depths,
tops and bases might stem from masking, cloud selections
and seasonality as all three publications mention finding sea-
sonal variations, although not pronounced. Finally, we also
calculated the optical depths from the two-way optical trans-
mission due to particle extinction, and we found the WAI
cirrus clouds to be optically thicker. The difference in op-
tical thickness can be explained, on the one hand, because
WAI cirrus clouds are also geometrically thicker, but it also
hints at differences in the microphysical properties of the two
cloud types leading to different extinction coefficients.

Regarding the relative humidity over ice (RHi) we found
supersaturation both inside and around both AC and WAI
cirrus. From the temperature-dependent distribution of RHi
inside AC and WAI cirrus, we found WAI cirrus clouds to
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be consistently over the activation threshold for coated soot,
while AC cirrus clouds cross this threshold less frequently.
WAI cirrus clouds were also more frequently detected over
the threshold for HOM nucleation. The air immediately sur-
rounding WAI and AC cirrus had similar characteristics to
the respective in-cloud area. More specifically, the WAI near-
cloud data were more frequently detected over the coated
soot activation threshold and even the HOM threshold than
the AC cirrus, as well as for a wider temperature range. The
cloud-free air under AC and WAI conditions was dominated
by subsaturated data points. Interestingly, the cloud-free data
for the AC group were more frequently supersaturated than
the WAI group but remained at lower values of supersatura-
tion, whereas the WAI cloud-free data were less frequently
supersaturated but reached RHi values also up to the CS ac-
tivation threshold.

Furthermore, we defined four regimes: a low-RHi regime
for RHi between 100 % and 123 %, a mid-RHi regime from
123 % to 147 % RHi, a high-RHi regime for RHi over 147 %,
and a subsaturated regime with RHi below 100 %. We found
WAI cirrus clouds and their near-cloud areas to be more fre-
quently supersaturated and have a higher frequency of detec-
tion in the mid-RHi and high-RHi regimes, while AC cirrus
clouds and their near-cloud data only have a low probabil-
ity of detection in these regimes, with the only exception to
that being the near-cloud low-RHi regime. The cloud-free air
is very strongly subsaturated for both AC and WAI condi-
tions. Cziczo et al. (2013) used in situ measurements over
the mid-latitudes and found less than 0.5 % of their in-cloud
RHi to be over the high-RHi threshold. In comparison, we
found 0.04 % of the AC and 0.23 % of the WAI data points
over the high-RHi threshold.

Due to the scarcity of studies on this topic, there can be no
immediate comparison of our findings. Many previous stud-
ies have confirmed high supersaturations in and around cirrus
clouds, although with a focus mostly on mid-latitudes (e.g.,
Jensen et al., 2001; Ovarlez et al., 2002; Comstock et al.,
2004; Gensch et al., 2008; Krämer et al., 2009; Dekoutsidis
et al., 2023). De La Torre Castro et al. (2023) used in situ
measurements and also found high supersaturations with a
median RHi of 125% for cirrus clouds that were formed and
detected at high latitudes, although they set the threshold for
clouds to be considered Arctic at a latitude of 60° N. They
also conclude that their high-latitude clouds formed mainly
by HET nucleation in an environment with few INP and a
high RHi, similar to the WAI clouds in our study. Rolf et
al. (2022), on the other hand, used in situ measurements from
the same campaign as De La Torre Castro et al. (2023), and
although they also report high supersaturations inside and
outside cirrus clouds, they find HOM nucleation as the lead-
ing ice-forming process. Finally, Gierens et al. (2020) an-
alyzed measurements with radiosondes and measured RHi
values reaching and sometimes exceeding 150 %–160 % in
ice supersaturated regions.

It is expected that homogeneous nucleation produces
higher ice number concentrations (Comstock et al., 2008).
This in turn leads to a rapid decrease in RHi due to the depo-
sition of water vapor, thus resulting in lower measured RHi
in HOM conditions (e.g., Jensen et al., 2013, in the trop-
ics). This could lead to the conclusion that AC cirrus clouds
probably formed mainly via HOM nucleation, quickly de-
pleting the available water vapor and resulting in a drop in
the RHi. An alternative explanation would be that older, sta-
ble AC cirrus clouds were measured after the bulk of the for-
mation of new ice crystals had already ceased. On the other
hand, the detected WAI cirrus clouds could be considered
younger clouds or clouds where new ice crystals are still
forming, leading to higher frequencies in the mid-RHi and
high-RHi regimes as they are not yet depleted. Due to the
quickly changing nature of RHi and its reaction to the nucle-
ation processes, a definite conclusion cannot be made.

Finally, the vertical structure of RHi within AC and WAI
cirrus clouds was studied. In both groups the cloud tops
are dominated by high supersaturations (high-RHi regime),
while the cloud bases are mostly subsaturated. That being
said, the high-RHi regime is more dominant in the cloud tops
of AC clouds, while lower supersaturations start dominating
higher in the WAI clouds. Additionally, the cloud bases of
WAI cirrus clouds had a significant contribution by higher
RHi in the high-RHi regime, potentially indicating a stronger
mixing or sedimentation of ice crystals. Kärcher (2005) an-
alyze a case study of a polar cirrus which would most prob-
ably correspond to an AC cirrus in our study. Similar to our
findings, they report a thin highly supersaturated cloud top
where ice crystals form most likely homogeneously. Deeper
in the cloud they also detect a gradual decrease in RHi, which
stays supersaturated until the cloud base, which is subsatu-
rated. Gierens et al. (2020) also detect ice supersaturations
more frequently directly under the tropopause, which would
coincide in many cases with the cloud tops in our study.

5 Summary and outlook

Warm-air intrusions (WAIs) are events during which warm
and moist air masses from the midlatitudes are transported
into the Arctic. In this work we used measurements by the
WALES lidar system taken during the HALO-(AC)3 cam-
paign in order to study the effects of warm-air intrusions on
the Arctic atmosphere and the cirrus clouds that form in the
high Arctic. For this campaign WALES was aboard the Ger-
man research aircraft HALO. With HALO we were able to
reach sufficiently over the cirrus clouds and take measure-
ments deep into the Arctic. The WALES lidar system com-
bines both the HSRL and DIAL measurement techniques. It
provides collocated measurements of backscatter coefficient,
linear depolarization and water vapor mixing ratio, with high
spatial and temporal resolution on a two-dimensional curtain
along the flight track. This is a significant advantage over
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in situ measurements as we gain information on the verti-
cal axis and also over ground-based measurements as we are
able to select and follow the desired clouds or systems we
want to characterize. Combining the exceptional capabilities
of HALO and WALES during the HALO-(AC)3 campaign re-
sulted in the creation of a unique, novel, 2-D dataset of water
vapor measurements over the Arctic, including also data on
the vertical axis creating a curtain even of the whole atmo-
spheric profile under favorable conditions.

From our analysis we found that WAI events do signifi-
cantly affect the high-Arctic troposphere and the Arctic cir-
rus clouds. During a WAI event the Arctic becomes moister
and warmer and the cirrus clouds become geometrically and
optically thicker and reach higher altitudes at cloud top. Cir-
rus clouds measured under WAI conditions are more fre-
quently supersaturated than Arctic cirrus (AC) even at the
very high supersaturations above the threshold for homo-
geneous ice nucleation (HOM). AC cirrus clouds have a
strongly supersaturated cloud top and a strongly subsaturated
cloud base, whereas WAI cirrus clouds show high supersat-
urations even at cloud base, although they tend to higher su-
persaturations and cloud top.

To our knowledge this is the first study of the water va-
por distributions of cirrus clouds in the Arctic under WAI
conditions. Although lower-level clouds have already been
studied, cirrus clouds are often overlooked possibly also due
to the scarcity of airborne measurements in the Arctic. Un-
derstanding the geometrical and macrophysical characteris-
tics of cirrus clouds in the Arctic and grasping an estimation
of their formation processes is vital in further understanding
their microphysics, radiative properties, climate effects and
contribution to Arctic amplification. Further studying the dif-
ferences between cirrus clouds in the mid-latitudes and high
latitudes is important for a better understanding of Arctic am-
plification and how it is affected by cirrus. The difference in
optical depth between WAI and AC cirrus reported in this
work is an indication of potential differences also in the mi-
crophysical properties of the two cloud types, which should
be further investigated. Combining measurements of macro-
and microphysical properties of these clouds along with mea-
surements of the ambient conditions during their formation
would be a key to understand the formation processes of cir-
rus clouds in the Arctic, their life cycles, radiative properties
and effects on the climate.

Data availability. The data collected by the WALES lidar system
during the HALO-(AC)3 campaign that were used in this study can
be found at the HALO database: https://doi.org/10.17616/R39Q0T
(Deutsches Zentrum für Luft- und Raumfahrt e.V., 2023). The
ECMWF operational analysis and forecast data were retrieved
from the ECMWF Meteorological Archival and Retrieval System
(MARS): https://www.ecmwf.int/en/forecasts/access-forecasts/
access-archive-datasets (ECMWF, 2022).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-24-5971-2024-supplement.

Author contributions. The study was conceptualized by GD and
SG. Data curation was carried out by MW. Formal analysis, investi-
gation, software and visualization were done by GD, assisted by SG
and MW. Writing of the original draft was done by GD under the
supervision of SG. The review and editing of the manuscript were
done by SG and MW.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. This study contains modified Copernicus Climate
Change Service information (2023). Neither the European Com-
mission nor ECMWF is responsible for any use that may be made
of the Copernicus information or data it contains.

Publisher’s note: Copernicus Publications remains neutral
with regard to jurisdictional claims made in the text, published
maps, institutional affiliations, or any other geographical represen-
tation in this paper. While Copernicus Publications makes every
effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“HALO-(AC)3 – an airborne campaign to study air mass transfor-
mations during warm-air intrusions and cold-air outbreaks”. It is not
associated with a conference.

Acknowledgements. Part of this work was founded by the
Deutsche Forschungsgemeinschaft (German Research Foundation,
DFG) through the HALO priority program SPP 1294, “Atmospheric
and Earth System Research with the Research Aircraft HALO (High
Altitude and Long Range Research Aircraft)” (grant no. 28423678).
We also gratefully acknowledge the funding by the DFG – grant
no. 268020496 – TRR 172, within the Transregional Collaborative
Research Center “ArctiC Amplification: Climate Relevant Atmo-
spheric and SurfaCe Processes and Feedback Mechanisms (AC)3”.

Financial support. This research has been supported by the
Deutscher Akademischer Austauschdienst (grant no. 57478193)
and the Deutsche Forschungsgemeinschaft (HALO priority
program SPP 1294 (grant no. 28423678) and Transregional
Collaborative Research Center TRR 172 (grant no. 268020496)).

The article processing charges for this open-access
publication were covered by the German Aerospace Center (DLR).

https://doi.org/10.5194/acp-24-5971-2024 Atmos. Chem. Phys., 24, 5971–5987, 2024

https://doi.org/10.17616/R39Q0T
https://www.ecmwf.int/en/forecasts/access-forecasts/access-archive-datasets
https://www.ecmwf.int/en/forecasts/access-forecasts/access-archive-datasets
https://doi.org/10.5194/acp-24-5971-2024-supplement


5984 G. Dekoutsidis et al.: The effects of warm-air intrusions in the high Arctic on cirrus clouds

Review statement. This paper was edited by Timothy Garrett and
reviewed by Eleni Marinou and one anonymous referee.

References

Ali, S. M. and Pithan, F.: Following moist intrusions into
the Arctic using SHEBA observations in a Lagrangian
perspective, Q. J. Roy. Meteor. Soc., 146, 3522–3533,
https://doi.org/10.1002/qj.3859, 2020.

Beer, C. G., Hendricks, J., and Righi, M.: A global climatol-
ogy of ice-nucleating particles under cirrus conditions derived
from model simulations with MADE3 in EMAC, Atmos. Chem.
Phys., 22, 15887–15907, https://doi.org/10.5194/acp-22-15887-
2022, 2022.

Binder, H., Boettcher, M., Grams, C. M., Joos, H., Pfahl,
S., and Wernli, H.: Exceptional Air Mass Transport
and Dynamical Drivers of an Extreme Wintertime Arc-
tic Warm Event, Geophys. Res. Lett., 44, 12028–12036,
https://doi.org/10.1002/2017GL075841, 2017.

Bossioli, E., Sotiropoulou, G., Methymaki, G., and Tombrou, M.:
Modeling Extreme Warm-Air Advection in the Arctic During
Summer: The Effect of Mid-Latitude Pollution Inflow on Cloud
Properties, J. Geophys. Res.-Atmos., 126, e2020JD033291,
https://doi.org/10.1029/2020JD033291, 2021.

Campbell, J. R., Dolinar, E. K., Lolli, S., Fochesatto, G. J., Gu,
Y., Lewis, J. R., Marquis, J. W., McHardy, T. M., Ryglicki,
D. R., and Welton, E. J.: Cirrus Cloud Top-of-the-Atmosphere
Net Daytime Forcing in the Alaskan Subarctic from Ground-
Based MPLNET Monitoring, J. Appl. Meteorol. Clim., 60, 51–
63, https://doi.org/10.1175/JAMC-D-20-0077.1, 2021.

Chen, W.-N., Chiang, C.-W., and Nee, J.-B.: Lidar ratio and de-
polarization ratio for cirrus clouds, Appl. Opt., 41, 6470–6476,
https://doi.org/10.1364/ao.41.006470, 2002.

Comstock, J. M., Ackerman, T. P., and Turner, D. D.: Evidence
of high ice supersaturation in cirrus clouds using ARM Ra-
man lidar measurements, Geophys. Res. Lett., 31, L11106,
https://doi.org/10.1029/2004GL019705, 2004.

Comstock, J. M., Lin, R.-F., Starr, D. O., and Yang, P.: Understand-
ing ice supersaturation, particle growth, and number concentra-
tion in cirrus clouds, J. Geophys. Res.-Atmos., 113, D23211,
https://doi.org/10.1029/2008JD010332, 2008.

Cziczo, D. J., Froyd, K. D., Hoose, C., Jensen, E. J., Diao,
M., Zondlo, M. A., Smith, J. B., Twohy, C. H., and Mur-
phy, D. M.: Clarifying the Dominant Sources and Mecha-
nisms of Cirrus Cloud Formation, Science, 340, 1320–1324,
https://doi.org/10.1126/science.1234145, 2013.

Dada, L., Angot, H., Beck, I., Baccarini, A., Quéléver, L.
L. J., Boyer, M., Laurila, T., Brasseur, Z., Jozef, G., de
Boer, G., Shupe, M. D., Henning, S., Bucci, S., Dütsch,
M., Stohl, A., Petäjä, T., Daellenbach, K. R., Jokinen, T.,
and Schmale, J.: A central arctic extreme aerosol event trig-
gered by a warm air-mass intrusion, Nat. Commun., 13, 5290,
https://doi.org/10.1038/s41467-022-32872-2, 2022.

Dahlke, S. and Maturilli, M.: Contribution of Atmospheric
Advection to the Amplified Winter Warming in the Arc-
tic North Atlantic Region, Adv. Meteorol., 2017, e4928620,
https://doi.org/10.1155/2017/4928620, 2017.

De La Torre Castro, E., Jurkat-Witschas, T., Afchine, A., Grewe,
V., Hahn, V., Kirschler, S., Krämer, M., Lucke, J., Spelten, N.,

Wernli, H., Zöger, M., and Voigt, C.: Differences in microphysi-
cal properties of cirrus at high and mid-latitudes, Atmos. Chem.
Phys., 23, 13167–13189, https://doi.org/10.5194/acp-23-13167-
2023, 2023.

Dekoutsidis, G., Groß, S., Wirth, M., Krämer, M., and Rolf, C.:
Characteristics of supersaturation in midlatitude cirrus clouds
and their adjacent cloud-free air, Atmos. Chem. Phys., 23, 3103–
3117, https://doi.org/10.5194/acp-23-3103-2023, 2023.

DeMott, P. J., Cziczo, D. J., Prenni, A. J., Murphy, D. M., Krei-
denweis, S. M., Thomson, D. S., Borys, R., and Rogers, D. C.:
Measurements of the concentration and composition of nuclei for
cirrus formation, P. Natl. Acad. Sci. USA, 100, 14655–14660,
https://doi.org/10.1073/pnas.2532677100, 2003.

Deutsches Zentrum für Luft- und Raumfahrt e.V.: HALO database,
DLR [data set], https://doi.org/10.17616/R39Q0T, 2023.

Devasthale, A., Tjernström, M., Karlsson, K.-G., Thomas, M. A.,
Jones, C., Sedlar, J., and Omar, A. H.: The vertical distribu-
tion of thin features over the Arctic analysed from CALIPSO
observations: Part I: Optically thin clouds, Tellus B, 63, 77–85,
https://doi.org/10.1111/j.1600-0889.2010.00516.x, 2011.

Doyle, J. G., Lesins, G., Thackray, C. P., Perro, C., Nott, G. J.,
Duck, T. J., Damoah, R., and Drummond, J. R.: Water vapor in-
trusions into the High Arctic during winter, Geophys. Res. Lett.,
38, L12806, https://doi.org/10.1029/2011GL047493, 2011.

ECMWF: ECMWF operational analyses and forecasts, Eu-
ropean Centre for Medium-Range Weather Forecasts [data
set], https://www.ecmwf.int/en/forecasts/access-forecasts/
access-archive-datasets, last access: 10 February 2023.

Ehret, G., Kiemle, C., Renger, W., and Simmet, G.: Airborne re-
mote sensing of tropospheric water vapor with a near–infrared
differential absorption lidar system, Appl. Opt., 32, 4534–4551,
https://doi.org/10.1364/AO.32.004534, 1993.

Ehrlich, A., Wendisch, M., Klingebiel, M., Mech, M., Crewell,
S., Herber, A., and Lüpkes, C. and the HALO-(AC)3 team:
HALO-(AC)3: Airborne Observations of Arctic Clouds
in Airmass Transformations, EGU General Assembly
2023, Vienna, Austria, 24–28 Apr 2023, EGU23-7246,
https://doi.org/10.5194/egusphere-egu23-7246, 2023.

Esselborn, M., Wirth, M., Fix, A., Tesche, M., and Ehret, G.: Air-
borne high spectral resolution lidar for measuring aerosol ex-
tinction and backscatter coefficients, Appl. Opt., 47, 346–358,
https://doi.org/10.1364/AO.47.000346, 2008.

Gasparini, B. and Lohmann, U.: Why cirrus cloud seeding can-
not substantially cool the planet, J. Geophys. Res.-Atmos., 121,
4877–4893, https://doi.org/10.1002/2015JD024666, 2016.

Gasparini, B., Meyer, A., Neubauer, D., Münch, S., and Lohmann,
U.: Cirrus Cloud Properties as Seen by the CALIPSO Satel-
lite and ECHAM-HAM Global Climate Model, J. Climate, 31,
1983–2003, https://doi.org/10.1175/JCLI-D-16-0608.1, 2018.

Gensch, I. V., Bunz, H., Baumgardner, D. G., Christensen, L. E.,
Fahey, D. W., Herman, R. L., Popp, P. J., Smith, J. B., Troy, R.
F., Webster, C. R., Weinstock, E. M., Wilson, J. C., Peter, T., and
Krämer, M.: Supersaturations, microphysics and nitric acid par-
titioning in a cold cirrus cloud observed during CR-AVE 2006:
an observation–modelling intercomparison study, Environ. Res.
Lett., 3, 035003, https://doi.org/10.1088/1748-9326/3/3/035003,
2008.

Atmos. Chem. Phys., 24, 5971–5987, 2024 https://doi.org/10.5194/acp-24-5971-2024

https://doi.org/10.1002/qj.3859
https://doi.org/10.5194/acp-22-15887-2022
https://doi.org/10.5194/acp-22-15887-2022
https://doi.org/10.1002/2017GL075841
https://doi.org/10.1029/2020JD033291
https://doi.org/10.1175/JAMC-D-20-0077.1
https://doi.org/10.1364/ao.41.006470
https://doi.org/10.1029/2004GL019705
https://doi.org/10.1029/2008JD010332
https://doi.org/10.1126/science.1234145
https://doi.org/10.1038/s41467-022-32872-2
https://doi.org/10.1155/2017/4928620
https://doi.org/10.5194/acp-23-13167-2023
https://doi.org/10.5194/acp-23-13167-2023
https://doi.org/10.5194/acp-23-3103-2023
https://doi.org/10.1073/pnas.2532677100
https://doi.org/10.17616/R39Q0T
https://doi.org/10.1111/j.1600-0889.2010.00516.x
https://doi.org/10.1029/2011GL047493
https://www.ecmwf.int/en/forecasts/access-forecasts/access-archive-datasets
https://www.ecmwf.int/en/forecasts/access-forecasts/access-archive-datasets
https://doi.org/10.1364/AO.32.004534
https://doi.org/10.5194/egusphere-egu23-7246
https://doi.org/10.1364/AO.47.000346
https://doi.org/10.1002/2015JD024666
https://doi.org/10.1175/JCLI-D-16-0608.1
https://doi.org/10.1088/1748-9326/3/3/035003


G. Dekoutsidis et al.: The effects of warm-air intrusions in the high Arctic on cirrus clouds 5985

Gierens, K., Wilhelm, L., Sommer, M., and Weaver, D.: On
ice supersaturation over the Arctic, Metz, 29, 165–176,
https://doi.org/10.1127/metz/2020/1012, 2020.

Gobbi, G. P.: Polarization lidar returns from aerosols and thin
clouds: a framework for the analysis, Appl. Opt., 37, 5505–5508,
https://doi.org/10.1364/ao.37.005505, 1998.

Graham, R. M., Cohen, L., Petty, A. A., Boisvert, L. N.,
Rinke, A., Hudson, S. R., Nicolaus, M., and Granskog,
M. A.: Increasing frequency and duration of Arctic win-
ter warming events, Geophys. Res. Lett., 44, 6974–6983,
https://doi.org/10.1002/2017GL073395, 2017.

Graversen, R. G. and Wang, M.: Polar amplification in a coupled
climate model with locked albedo, Clim. Dynam., 33, 629–643,
https://doi.org/10.1007/s00382-009-0535-6, 2009.

Groß, S., Wirth, M., Schäfler, A., Fix, A., Kaufmann, S.,
and Voigt, C.: Potential of airborne lidar measurements for
cirrus cloud studies, Atmos. Meas. Tech., 7, 2745–2755,
https://doi.org/10.5194/amt-7-2745-2014, 2014.

Haag, W., Kärcher, B., Ström, J., Minikin, A., Lohmann, U.,
Ovarlez, J., and Stohl, A.: Freezing thresholds and cirrus
cloud formation mechanisms inferred from in situ measure-
ments of relative humidity, Atmos. Chem. Phys., 3, 1791–1806,
https://doi.org/10.5194/acp-3-1791-2003, 2003.

HALO AC3: https://halo-ac3.de/, last access: 24 March 2023.
Hansen, J., Ruedy, R., Sato, M., and Lo, K.: Global Sur-

face Temperature Change, Rev. Geophys., 48, RG4004,
https://doi.org/10.1029/2010RG000345, 2010.

Hartmann, M., Blunier, T., Brügger, S. o., Schmale, J.,
Schwikowski, M., Vogel, A., Wex, H., and Stratmann, F.:
Variation of Ice Nucleating Particles in the European Arctic
Over the Last Centuries, Geophys. Res. Lett., 46, 4007–4016,
https://doi.org/10.1029/2019GL082311, 2019.

Hartmann, M., Gong, X., Kecorius, S., van Pinxteren, M., Vogl, T.,
Welti, A., Wex, H., Zeppenfeld, S., Herrmann, H., Wiedensohler,
A., and Stratmann, F.: Terrestrial or marine – indications towards
the origin of ice-nucleating particles during melt season in the
European Arctic up to 83.7° N, Atmos. Chem. Phys., 21, 11613–
11636, https://doi.org/10.5194/acp-21-11613-2021, 2021.

Henderson, G. R., Barrett, B. S., Wachowicz, L. J., Mattingly, K. S.,
Preece, J. R., and Mote, T. L.: Local and Remote Atmospheric
Circulation Drivers of Arctic Change: A Review, Front. Earth
Sci., 9, 709896, 2021.

Hersbach, H., Bell, B., Berrisford, P., and P., Biavati, G., Horányi,
A., Muñoz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut,
J.-N.: ERA5 hourly data on single levels from 1940 to present,
Copernicus Climate Change Service (C3S) Data Store (CDS)
[data set], https://doi.org/10.24381/cds.adbb2d47, 2023.

Hong, Y. and Liu, G.: The Characteristics of Ice Cloud Prop-
erties Derived from CloudSat and CALIPSO Measurements,
J. Climate, 28, 3880–3901, https://doi.org/10.1175/JCLI-D-14-
00666.1, 2015.

Hong, Y., Liu, G., and Li, J.-L. F.: Assessing the Radiative Effects of
Global Ice Clouds Based on CloudSat and CALIPSO Measure-
ments, J. Climate, 29, 7651–7674, https://doi.org/10.1175/JCLI-
D-15-0799.1, 2016.

Huang, J.: A Simple Accurate Formula for Calculating Saturation
Vapor Pressure of Water and Ice, J. Appl. Meteorol. Clim., 57,
1265–1272, https://doi.org/10.1175/JAMC-D-17-0334.1, 2018.

IPCC: Climate Change 2021: The Physical Science Basis. Con-
tribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, in press,
https://doi.org/10.1017/9781009157896, 2021.

Jensen, E. J., Toon, O. B., Vay, S. A., Ovarlez, J., May, R., Bui,
T. P., Twohy, Cynthia. H., Gandrud, B. W., Pueschel, R. F.,
and Schumann, U.: Prevalence of ice-supersaturated regions
in the upper troposphere: Implications for optically thin ice
cloud formation, J. Geophys. Res.-Atmos., 106, 17253–17266,
https://doi.org/10.1029/2000JD900526, 2001.

Jensen, E. J., Diskin, G., Lawson, R. P., Lance, S., Bui, T.
P., Hlavka, D., McGill, M., Pfister, L., Toon, O. B., and
Gao, R.: Ice nucleation and dehydration in the Tropical
Tropopause Layer, P. Natl. Acad. Sci. USA, 110, 2041–2046,
https://doi.org/10.1073/pnas.1217104110, 2013.

Johansson, E., Devasthale, A., Tjernström, M., Ekman, A. M. L.,
and L’Ecuyer, T.: Response of the lower troposphere to moisture
intrusions into the Arctic, Geophys. Res. Lett., 44, 2527–2536,
https://doi.org/10.1002/2017GL072687, 2017.

Kapsch, M.-L., Graversen, R. G., and Tjernström, M.: Spring-
time atmospheric energy transport and the control of Arc-
tic summer sea-ice extent, Nat. Clim. Change, 3, 744–748,
https://doi.org/10.1038/nclimate1884, 2013.

Kärcher, B.: Supersaturation, dehydration, and denitrifica-
tion in Arctic cirrus, Atmos. Chem. Phys., 5, 1757–1772,
https://doi.org/10.5194/acp-5-1757-2005, 2005

Kärcher, B.: Supersaturation Fluctuations in Cirrus Clouds
Driven by Colored Noise, J. Atmos. Sci., 69, 435–443,
https://doi.org/10.1175/JAS-D-11-0151.1, 2012.

Kärcher, B. and Lohmann, U.: A parameterization of cir-
rus cloud formation: Homogeneous freezing of supercooled
aerosols, J. Geophys. Res.-Atmos., 107, AAC 4-1–AAC 4-10,
https://doi.org/10.1029/2001JD000470, 2002.

Kärcher, B. and Lohmann, U.: A parameterization of cirrus cloud
formation: Heterogeneous freezing, J. Geophys. Res.-Atmos.,
108, 4402, https://doi.org/10.1029/2002JD003220, 2003.

Kärcher, B., DeMott, P. J., Jensen, E. J., and Harring-
ton, J. Y.: Studies on the Competition Between Homo-
geneous and Heterogeneous Ice Nucleation in Cirrus For-
mation, J. Geophys. Res.-Atmos., 127, e2021JD035805,
https://doi.org/10.1029/2021JD035805, 2022.

Kiemle, C., Wirth, M., Fix, A., Ehret, G., Schumann, U., Gardiner,
T., Schiller, C., Sitnikov, N., and Stiller, G.: First airborne wa-
ter vapor lidar measurements in the tropical upper troposphere
and mid-latitudes lower stratosphere: accuracy evaluation and in-
tercomparisons with other instruments, Atmos. Chem. Phys., 8,
5245–5261, https://doi.org/10.5194/acp-8-5245-2008, 2008.

Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the de-
terminant for homogeneous ice nucleation in aqueous solutions,
Nature, 406, 611–614, https://doi.org/10.1038/35020537, 2000.

Krämer, M., Schiller, C., Afchine, A., Bauer, R., Gensch, I., Man-
gold, A., Schlicht, S., Spelten, N., Sitnikov, N., Borrmann, S.,
de Reus, M., and Spichtinger, P.: Ice supersaturations and cir-
rus cloud crystal numbers, Atmos. Chem. Phys., 9, 3505–3522,
https://doi.org/10.5194/acp-9-3505-2009, 2009.

Krämer, M., Rolf, C., Luebke, A., Afchine, A., Spelten, N., Costa,
A., Meyer, J., Zöger, M., Smith, J., Herman, R. L., Buch-
holz, B., Ebert, V., Baumgardner, D., Borrmann, S., Klingebiel,
M., and Avallone, L.: A microphysics guide to cirrus clouds

https://doi.org/10.5194/acp-24-5971-2024 Atmos. Chem. Phys., 24, 5971–5987, 2024

https://doi.org/10.1127/metz/2020/1012
https://doi.org/10.1364/ao.37.005505
https://doi.org/10.1002/2017GL073395
https://doi.org/10.1007/s00382-009-0535-6
https://doi.org/10.5194/amt-7-2745-2014
https://doi.org/10.5194/acp-3-1791-2003
https://halo-ac3.de/
https://doi.org/10.1029/2010RG000345
https://doi.org/10.1029/2019GL082311
https://doi.org/10.5194/acp-21-11613-2021
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.1175/JCLI-D-14-00666.1
https://doi.org/10.1175/JCLI-D-14-00666.1
https://doi.org/10.1175/JCLI-D-15-0799.1
https://doi.org/10.1175/JCLI-D-15-0799.1
https://doi.org/10.1175/JAMC-D-17-0334.1
https://doi.org/10.1017/9781009157896
https://doi.org/10.1029/2000JD900526
https://doi.org/10.1073/pnas.1217104110
https://doi.org/10.1002/2017GL072687
https://doi.org/10.1038/nclimate1884
https://doi.org/10.5194/acp-5-1757-2005
https://doi.org/10.1175/JAS-D-11-0151.1
https://doi.org/10.1029/2001JD000470
https://doi.org/10.1029/2002JD003220
https://doi.org/10.1029/2021JD035805
https://doi.org/10.5194/acp-8-5245-2008
https://doi.org/10.1038/35020537
https://doi.org/10.5194/acp-9-3505-2009


5986 G. Dekoutsidis et al.: The effects of warm-air intrusions in the high Arctic on cirrus clouds

– Part 1: Cirrus types, Atmos. Chem. Phys., 16, 3463–3483,
https://doi.org/10.5194/acp-16-3463-2016, 2016.

Krautstrunk, M. and Giez, A.: The Transition From FALCON
to HALO Era Airborne Atmospheric Research, in: Atmo-
spheric Physics: Background – Methods – Trends, edited
by: Schumann, U., Springer, Berlin, Heidelberg, 609–624,
https://doi.org/10.1007/978-3-642-30183-4_37, 2012.

Liou, K.-N.: Influence of Cirrus Clouds on Weather and Cli-
mate Processes: A Global Perspective, Mon. Weather
Rev., 114, 1167–1199, https://doi.org/10.1175/1520-
0493(1986)114<1167:IOCCOW>2.0.CO;2, 1986.

Liu, X., Penner, J. E., Ghan, S. J., and Wang, M.: Inclu-
sion of Ice Microphysics in the NCAR Community Atmo-
spheric Model Version 3 (CAM3), J. Climate, 20, 4526–4547,
https://doi.org/10.1175/JCLI4264.1, 2007.

Liu, Y., Key, J. R., Vavrus, S., and Woods, C.: Time Evolution of
the Cloud Response to Moisture Intrusions into the Arctic during
Winter, J. Climate, 31, 9389–9405, https://doi.org/10.1175/JCLI-
D-17-0896.1, 2018.

Loewe, K., Ekman, A. M. L., Paukert, M., Sedlar, J., Tjernström,
M., and Hoose, C.: Modelling micro- and macrophysical con-
tributors to the dissipation of an Arctic mixed-phase cloud dur-
ing the Arctic Summer Cloud Ocean Study (ASCOS), Atmos.
Chem. Phys., 17, 6693–6704, https://doi.org/10.5194/acp-17-
6693-2017, 2017.

Lohmann, U., Kärcher, B., and Hendricks, J.: Sensitivity stud-
ies of cirrus clouds formed by heterogeneous freezing in
the ECHAM GCM, J. Geophys. Res.-Atmos., 109, D16204,
https://doi.org/10.1029/2003JD004443, 2004.

Marsing, A., Meerkötter, R., Heller, R., Kaufmann, S., Jurkat-
Witschas, T., Krämer, M., Rolf, C., and Voigt, C.: Investigat-
ing the radiative effect of Arctic cirrus measured in situ dur-
ing the winter 2015–2016, Atmos. Chem. Phys., 23, 587–609,
https://doi.org/10.5194/acp-23-587-2023, 2023.

Mech, M., Orlandi, E., Crewell, S., Ament, F., Hirsch, L., Hagen,
M., Peters, G., and Stevens, B.: HAMP – the microwave package
on the High Altitude and LOng range research aircraft (HALO),
Atmos. Meas. Tech., 7, 4539–4553, https://doi.org/10.5194/amt-
7-4539-2014, 2014.

Mitchell, D. L., Garnier, A., Pelon, J., and Erfani, E.:
CALIPSO (IIR–CALIOP) retrievals of cirrus cloud ice-
particle concentrations, Atmos. Chem. Phys., 18, 17325–17354,
https://doi.org/10.5194/acp-18-17325-2018, 2018.

Mitchell, D. L., Mejia, J., Garnier, A., Tomii, Y., Krämer, M.,
and Hosseinpour, F.: An Estimate of Global, Regional and Sea-
sonal Cirrus Cloud Radiative Effects Contributed by Homoge-
neous Ice Nucleation, Atmos. Chem. Phys. Discuss. [preprint],
https://doi.org/10.5194/acp-2020-846, 2020.

Nakoudi, K., Ritter, C., and Stachlewska, I. S.: Properties of Cirrus
Clouds over the European Arctic (Ny-Ålesund, Svalbard), Re-
mote Sens., 13, 4555, https://doi.org/10.3390/rs13224555, 2021.

Ovarlez, J., Gayet, J.-F., Gierens, K., Ström, J., Ovarlez, H., Au-
riol, F., Busen, R., and Schumann, U.: Water vapour measure-
ments inside cirrus clouds in Northern and Southern hemi-
spheres during INCA, Geophys. Res. Lett., 29, 60-1–60-4,
https://doi.org/10.1029/2001GL014440, 2002.

Park, D.-S. R., Lee, S., and Feldstein, S. B.: Attribution of the Re-
cent Winter Sea Ice Decline over the Atlantic Sector of the Arctic

Ocean, J. Climate, 28, 4027–4033, https://doi.org/10.1175/JCLI-
D-15-0042.1, 2015.

Pithan, F., Svensson, G., Caballero, R., Chechin, D., Cronin, T.
W., Ekman, A. M. L., Neggers, R., Shupe, M. D., Solomon, A.,
Tjernström, M., and Wendisch, M.: Role of air-mass transfor-
mations in exchange between the Arctic and mid-latitudes, Nat.
Geosci., 11, 805–812, https://doi.org/10.1038/s41561-018-0234-
1, 2018.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds
and Precipitation, Springer Netherlands, Dordrecht,
https://doi.org/10.1007/978-0-306-48100-0, 2010.

Rolf, C., Krämer, M., Spelten, N., Afchine, A., and Zöger, M.:
Mid-latitude and Arctic supersaturations observed during Cirrus-
HL, EGU General Assembly 2022, Vienna, Austria, 23–27 May
2022, EGU22-11087, https://doi.org/10.5194/egusphere-egu22-
11087, 2022.

Schäfer, B., Carlsen, T., Hanssen, I., Gausa, M., and Storelvmo,
T.: Observations of cold-cloud properties in the Norwe-
gian Arctic using ground-based and spaceborne lidar, Atmos.
Chem. Phys., 22, 9537–9551, https://doi.org/10.5194/acp-22-
9537-2022, 2022.

Schäfler, A., Harvey, B., Methven, J., Doyle, J. D., Rahm, S., Reite-
buch, O., Weiler, F., and Witschas, B.: Observation of Jet Stream
Winds during NAWDEX and Characterization of Systematic
Meteorological Analysis Errors, Mon. Weather Rev., 148, 2889–
2907, https://doi.org/10.1175/MWR-D-19-0229.1, 2020.

Serreze, M. C. and Francis, J. A.: The Arctic Amplification Debate,
Climatic Change, 76, 241–264, https://doi.org/10.1007/s10584-
005-9017-y, 2006.

Shupe, M. D. and Intrieri, J. M.: Cloud Radiative Forc-
ing of the Arctic Surface: The Influence of Cloud
Properties, Surface Albedo, and Solar Zenith Angle,
J. Climate, 17, 616–628, https://doi.org/10.1175/1520-
0442(2004)017<0616:CRFOTA>2.0.CO;2, 2004.

Spichtinger, P. and Gierens, K. M.: Modelling of cirrus clouds – Part
1b: Structuring cirrus clouds by dynamics, Atmos. Chem. Phys.,
9, 707–719, https://doi.org/10.5194/acp-9-707-2009, 2009.

Stramler, K., Genio, A. D. D., and Rossow, W. B.: Synopti-
cally Driven Arctic Winter States, J. Climate, 24, 1747–1762,
https://doi.org/10.1175/2010JCLI3817.1, 2011.

Stuecker, M. F., Bitz, C. M., Armour, K. C., Proistosescu, C., Kang,
S. M., Xie, S.-P., Kim, D., McGregor, S., Zhang, W., Zhao, S.,
Cai, W., Dong, Y., and Jin, F.-F.: Polar amplification dominated
by local forcing and feedbacks, Nat. Clim. Change, 8, 1076–
1081, https://doi.org/10.1038/s41558-018-0339-y, 2018.

Urbanek, B., Groß, S., Schäfler, A., and Wirth, M.: Determining
stages of cirrus evolution: a cloud classification scheme, At-
mos. Meas. Tech., 10, 1653–1664, https://doi.org/10.5194/amt-
10-1653-2017, 2017.

Urbanek, B., Groß, S., Wirth, M., Rolf, C., Krämer, M., and Voigt,
C.: High Depolarization Ratios of Naturally Occurring Cirrus
Clouds Near Air Traffic Regions Over Europe, Geophys. Res.
Lett., 45, 13166–13172, https://doi.org/10.1029/2018GL079345,
2018.

Wendisch, M., Macke, A., Ehrlich, A., Lüpkes, C., Mech, M.,
Chechin, D., Dethloff, K., Velasco, C. B., Bozem, H., Brückner,
M., Clemen, H.-C., Crewell, S., Donth, T., Dupuy, R., Ebell, K.,
Egerer, U., Engelmann, R., Engler, C., Eppers, O., Gehrmann,
M., Gong, X., Gottschalk, M., Gourbeyre, C., Griesche, H., Hart-

Atmos. Chem. Phys., 24, 5971–5987, 2024 https://doi.org/10.5194/acp-24-5971-2024

https://doi.org/10.5194/acp-16-3463-2016
https://doi.org/10.1007/978-3-642-30183-4_37
https://doi.org/10.1175/1520-0493(1986)114<1167:IOCCOW>2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114<1167:IOCCOW>2.0.CO;2
https://doi.org/10.1175/JCLI4264.1
https://doi.org/10.1175/JCLI-D-17-0896.1
https://doi.org/10.1175/JCLI-D-17-0896.1
https://doi.org/10.5194/acp-17-6693-2017
https://doi.org/10.5194/acp-17-6693-2017
https://doi.org/10.1029/2003JD004443
https://doi.org/10.5194/acp-23-587-2023
https://doi.org/10.5194/amt-7-4539-2014
https://doi.org/10.5194/amt-7-4539-2014
https://doi.org/10.5194/acp-18-17325-2018
https://doi.org/10.5194/acp-2020-846
https://doi.org/10.3390/rs13224555
https://doi.org/10.1029/2001GL014440
https://doi.org/10.1175/JCLI-D-15-0042.1
https://doi.org/10.1175/JCLI-D-15-0042.1
https://doi.org/10.1038/s41561-018-0234-1
https://doi.org/10.1038/s41561-018-0234-1
https://doi.org/10.1007/978-0-306-48100-0
https://doi.org/10.5194/egusphere-egu22-11087
https://doi.org/10.5194/egusphere-egu22-11087
https://doi.org/10.5194/acp-22-9537-2022
https://doi.org/10.5194/acp-22-9537-2022
https://doi.org/10.1175/MWR-D-19-0229.1
https://doi.org/10.1007/s10584-005-9017-y
https://doi.org/10.1007/s10584-005-9017-y
https://doi.org/10.1175/1520-0442(2004)017<0616:CRFOTA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<0616:CRFOTA>2.0.CO;2
https://doi.org/10.5194/acp-9-707-2009
https://doi.org/10.1175/2010JCLI3817.1
https://doi.org/10.1038/s41558-018-0339-y
https://doi.org/10.5194/amt-10-1653-2017
https://doi.org/10.5194/amt-10-1653-2017
https://doi.org/10.1029/2018GL079345


G. Dekoutsidis et al.: The effects of warm-air intrusions in the high Arctic on cirrus clouds 5987

mann, J., Hartmann, M., Heinold, B., Herber, A., Herrmann, H.,
Heygster, G., Hoor, P., Jafariserajehlou, S., Jäkel, E., Järvinen, E.,
Jourdan, O., Kästner, U., Kecorius, S., Knudsen, E. M., Köllner,
F., Kretzschmar, J., Lelli, L., Leroy, D., Maturilli, M., Mei, L.,
Mertes, S., Mioche, G., Neuber, R., Nicolaus, M., Nomokonova,
T., Notholt, J., Palm, M., Pinxteren, M. van, Quaas, J., Richter,
P., Ruiz-Donoso, E., Schäfer, M., Schmieder, K., Schnaiter, M.,
Schneider, J., Schwarzenböck, A., Seifert, P., Shupe, M. D.,
Siebert, H., Spreen, G., Stapf, J., Stratmann, F., Vogl, T., Welti,
A., Wex, H., Wiedensohler, A., Zanatta, M., and Zeppenfeld, S.:
The Arctic Cloud Puzzle: Using ACLOUD/PASCAL Multiplat-
form Observations to Unravel the Role of Clouds and Aerosol
Particles in Arctic Amplification, B. Am. Meteorol. Soc., 100,
841–871, https://doi.org/10.1175/BAMS-D-18-0072.1, 2019.

Wendisch, M., Brückner, M., Crewell, S., Ehrlich, A., Notholt,
J., Lüpkes, C., Macke, A., Burrows, J. P., Rinke, A., Quaas,
J., Maturilli, M., Schemann, V., Shupe, M. D., Akansu, E.
F., Barrientos-Velasco, C., Bärfuss, K., Blechschmidt, A.-M.,
Block, K., Bougoudis, I., Bozem, H., Böckmann, C., Bracher,
A., Bresson, H., Bretschneider, L., Buschmann, M., Chechin, D.
G., Chylik, J., Dahlke, S., Deneke, H., Dethloff, K., Donth, T.,
Dorn, W., Dupuy, R., Ebell, K., Egerer, U., Engelmann, R., Ep-
pers, O., Gerdes, R., Gierens, R., Gorodetskaya, I. V., Gottschalk,
M., Griesche, H., Gryanik, V. M., Handorf, D., Harm-Altstädter,
B., Hartmann, J., Hartmann, M., Heinold, B., Herber, A., Her-
rmann, H., Heygster, G., Höschel, I., Hofmann, Z., Hölemann, J.,
Hünerbein, A., Jafariserajehlou, S., Jäkel, E., Jacobi, C., Janout,
M., Jansen, F., Jourdan, O., Jurányi, Z., Kalesse-Los, H., Kan-
zow, T., Käthner, R., Kliesch, L. L., Klingebiel, M., Knudsen,
E. M., Kovács, T., Körtke, W., Krampe, D., Kretzschmar, J.,
Kreyling, D., Kulla, B., Kunkel, D., Lampert, A., Lauer, M.,
Lelli, L., Lerber, A. von, Linke, O., Löhnert, U., Lonardi, M.,
Losa, S. N., Losch, M., Maahn, M., Mech, M., Mei, L., Mertes,
S., Metzner, E., Mewes, D., Michaelis, J., Mioche, G., Moser, M.,
Nakoudi, K., Neggers, R., Neuber, R., Nomokonova, T., Oelker,
J., Papakonstantinou-Presvelou, I., Pätzold, F., Pefanis, V., Pohl,
C., Pinxteren, M. van, Radovan, A., Rhein, M., Rex, M., Richter,
A., Risse, N., Ritter, C., Rostosky, P., Rozanov, V. V., Donoso,
E. R., Garfias, P. S., Salzmann, M., Schacht, J., Schäfer, M.,
Schneider, J., Schnierstein, N., Seifert, P., Seo, S., Siebert, H.,
Soppa, M. A., Spreen, G., Stachlewska, I. S., Stapf, J., Stratmann,
F., Tegen, I., Viceto, C., Voigt, C., Vountas, M., Walbröl, A.,
Walter, M., Wehner, B., Wex, H., Willmes, S., Zanatta, M., and
Zeppenfeld, S.: Atmospheric and Surface Processes, and Feed-
back Mechanisms Determining Arctic Amplification: A Review
of First Results and Prospects of the (AC)3 Project, B. Am. Me-
teorol. Soc., 104, E208–E242, https://doi.org/10.1175/BAMS-D-
21-0218.1, 2023.

Winton, M.: Amplified Arctic climate change: What does surface
albedo feedback have to do with it?, Geophys. Res. Lett., 33,
L03701, https://doi.org/10.1029/2005GL025244, 2006.

Wirth, M. and Groß, S.: Characterisation of Arctic Cirrus by
Airborne Water Vapor and High Spectral Resolution Lidar,
EGU General Assembly 2023, Vienna, Austria, 24–28 Apr
2023, EGU23-2024, https://doi.org/10.5194/egusphere-egu23-
2024, 2023.

Wirth, M., Fix, A., Mahnke, P., Schwarzer, H., Schrandt, F., and
Ehret, G.: The airborne multi-wavelength water vapor differen-
tial absorption lidar WALES: system design and performance,
Appl. Phys. B, 96, 201, https://doi.org/10.1007/s00340-009-
3365-7, 2009.

Woods, C. and Caballero, R.: The Role of Moist Intrusions in Win-
ter Arctic Warming and Sea Ice Decline, J. Climate, 29, 4473–
4485, https://doi.org/10.1175/JCLI-D-15-0773.1, 2016.

Yamanouchi, T.: Arctic warming by cloud radiation enhanced by
moist air intrusion observed at Ny-Ålesund, Svalbard, Polar Sci.,
21, 110–116, https://doi.org/10.1016/j.polar.2018.10.009, 2019.

Zhao, M. and Shi, X.: A Study on the Wide Range
of Relative Humidity in Cirrus Clouds Using Large-
Ensemble Parcel Model Simulations, Atmosphere, 14, 583,
https://doi.org/10.3390/atmos14030583, 2023.

https://doi.org/10.5194/acp-24-5971-2024 Atmos. Chem. Phys., 24, 5971–5987, 2024

https://doi.org/10.1175/BAMS-D-18-0072.1
https://doi.org/10.1175/BAMS-D-21-0218.1
https://doi.org/10.1175/BAMS-D-21-0218.1
https://doi.org/10.1029/2005GL025244
https://doi.org/10.5194/egusphere-egu23-2024
https://doi.org/10.5194/egusphere-egu23-2024
https://doi.org/10.1007/s00340-009-3365-7
https://doi.org/10.1007/s00340-009-3365-7
https://doi.org/10.1175/JCLI-D-15-0773.1
https://doi.org/10.1016/j.polar.2018.10.009
https://doi.org/10.3390/atmos14030583

	Abstract
	Introduction
	Data and method
	HALO research aircraft and HALO-(AC)3 campaign
	WALES lidar system
	Methodology
	Flight grouping
	Ambient conditions
	Relative humidity over ice (RHi)
	Masking
	Nucleation processes


	Results
	The high Arctic under AC and WAI conditions
	Cirrus clouds under AC and WAI conditions
	Geometrical and optical characteristics
	Distribution of RHi
	Vertical structure of RHi inside AC and WAI cirrus


	Discussion and conclusions
	Summary and outlook
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

