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Abstract. Despite a general decline in ozone depleting substances in the stratosphere due to the multi-
15  national commitment to substantially reduce the emissions of their precursors, the magnitude of Arctic
polar ozone loss has not decreased in recent years. Thus new observations at cold conditions can help to
enhance our knowledge of polar stratospheric cloud (PSC) formation and life cycle which is of relevance
for Arctic ozone loss. In the unique winter 2015/16, cold and persistent areas with temperatures below the
ice frost point Ti. developed in the Arctic stratosphere, caused by reduced perturbations of the polar
20  vortex through planetary waves. Due to these extreme conditions, unprecedented and widespread ice
PSCs formed and persisted for more than a month in the Arctic. These ice PSCs were repeatedly detected
by lidars on the CALIPSO satellite and on the high altitude long range research aircraft HALO. A new
lower threshold of the backscatter ratio® of 0.3 for ice PSCs derived from high-resolution lidar

measurements at 532 nm wavelength leads to enhanced ice PSC coverage compared to previous analysis.
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25  The ice PSCs were generally surrounded by nitric acid trihydrate (NAT) and supercooled ternary solution
(STS) clouds. By combining optical PSC data and trajectory analysis, we investigate ice formation
pathways. In addition to ice nucleation in STS,, with meteoric dust, we find that ice nucleation on pre-
existing NAT may play an important role in polar winter. Persistent synoptic-scale Arctic ice PSCs have
not been observed so far. Hence, ice PSCs are a sensitive marker for cold stratospheric winter

30  temperatures modulated by natural variability and climate change.

1 Introduction

While widespread ice PSCs commonly occur in the Antarctic winter stratosphere (Solomon et al., 1986),
synoptic-scale ice PSCs extending over several thousand km? have rarely been observed in the Arctic
35  (Pitts et al., 2011). Even since enhanced observational coverage of the polar regions by the space-borne
Cloud-Aerosol Lidar with Orthogonal Polarization CALIOP instrument (Pitts et al., 2009; Pitts et al.,
2011) onboard the CALIPSO satellite, widespread ice PSCs were detected in the Arctic only once and
persisted about a day (Engel et al., 2013). Generally Arctic stratospheric temperatures are above the ice
frost point Tie (Murphy and Koop, 2005) on synoptic scales and hence limit the formation of extended ice
40  PSCs. The reason for the warmer temperatures in the Arctic compared to the Antarctic is a stronger land-
ocean contrast in the northern hemisphere, supporting the generation of planetary waves, which disturb
and hence weaken the polar vortex due to inmixing of warmer mid-latitude air (Solomon, 2004). In
addition, radiative heating of the displaced and elongated vortex contributes to warmer Arctic vortex

temperatures.

45 At cold conditions near and below T, ice PSCs can exist, while other PSC types prevail at higher
temperatures. These can contain solid nitric acid trihydrate (NAT) particles (\Voigt et al., 2000; Fahey et
al., 2001) particles, supercooled ternary solution droplets (STS) (Dye et al., 1992; Schreiner et al., 1999)

and mixtures of both (Schreiner et al., 2002; Pitts et al., 2009). Lidar observations led to a cloud
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classification based on the optical properties of solid or liquid PSC particles (Toon et al., 2000). PSCs
50  with depolarizations below 0.04 at 532 nm wavelength were classified as STS (Pitts et al., 2009). PSCs
with higher depolarization were labelled MIX1 and MIX2, probably NAT clouds with lower or higher
NAT particle number densities, respectively, and some amounts of STS. Finally depolarizing PSCs with
backscatter ratios above 5 were classified as ice. Later studies (Pitts et al., 2011; Pitts et al., 2013) led to

an even more detailed differentiation of PSC types.

55  Due to their large surface areas, ice PSCs very efficiently activate halogen compounds (Hanson and
Ravishankara, 1992) and hence are responsible for a major fraction of polar ozone loss in the Antarctic
(Toon et al., 1989). Processing of halogenated reservoir gases on PSC particles leads to a release of
unstable chlorine and bromine species, which become activated by sunlight in polar spring and effectively
destroy ozone in catalytic cycles (Farman et al., 1985; Crutzen and Arnold, 1986). Ozone depletion is

60  stopped, when the activated chlorine and bromine species react with nitrogen dioxide to reform stable
reservoirs. In the absence of ice, other PSC types may provide surfaces necessary for heterogeneous
chlorine processing (GrooB et al., 2005; Manney et al., 2011; Drdla and Miller, 2012). E.g. in the Arctic
winters 2009/10 and 2010/11 (Manney et al., 2011; Sinnhuber et al., 2011; von Hobe et al., 2013), polar
ozone loss may have been driven to a large extent by STS aerosol (Wohltmann et al., 2013) and NAT

65  (Nakajimaetal., 2016).

Stratospheric ice may form homogeneously in liquid STS aerosol or heterogeneously by the aid of solid
particles (Toon et al., 1989; Peter, 1997; Zondlo et al., 2000). In the Arctic, homogeneous ice nucleation
may occur at high cooling rates in localized mountain wave events (Dornbrack et al., 2002). However,
nucleation rates (Koop et al., 2000) generally are too low to allow for homogeneous ice nucleation on
70  synoptic scales. Thus, heterogeneous ice nucleation (Engel et al., 2013) aided by small scale temperature
fluctuations in STS with meteoric dust (Cziczo et al., 2001; Voigt et al., 2005; Curtius et al., 2005;
Weigel et al., 2014) were required to explain the formation of the synoptic-scale ice PSC observed on 18

January 2010 in the Arctic.
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2 Extremely cold Arctic stratospheric winter temperatures in 2015/2016 caused by low planetary

75  wave activity

The temperature development in the Arctic winter stratosphere is strongly influenced by planetary wave
activity. Both the excitation of planetary waves in the troposphere and their vertical propagation to the
stratosphere were low in the early northern hemispheric 2015 winter as suggested from meteorological
data by the European Centre for Medium-Range Weather Forecasts (ECMWF) numerical weather
80  prediction model. A strong tropical tropospheric temperature anomaly reinforced a strong meridional
temperature gradient from the tropics to the poles and led to adverse conditions for the propagation of
planetary waves. Weak planetary wave activity measured as low meridional heat flux enforced the
formation of a strong and stable polar vortex (Matthias et al., 2016) and hence caused extremely low polar

cap temperatures in the Arctic winter 2015/16.

85  Therefore, Arctic stratospheric temperatures decreased dramatically and the minimum temperature Ty
(at ¢ > 65°N) continuously dropped below Ti. from late December 2015 till end of January 2016 (see
Fig. 1). Three minor stratospheric warmings (Manney and Lawrence, 2016) influenced the vortex and led
to warmer conditions in a coherent but slightly displaced polar vortex in February 2016, with
temperatures still below the NAT stability temperature Tyar (Hanson and Mauersberger, 1988). Then, the
90 final stratospheric warming (Manney and Lawrence, 2016) resulted in a split of the vortex by mid-March
and the subsequent dissipation of the vortices associated with a temperature increase of more than 20 K at

30 hPa in a few days.

Within the first cold phase, unprecedented minimum temperatures down to 179 K were detected, lower
than each single minimum temperature within the 36-years climatological record of the ERA interim data
95  set (see Fig. 1A), which comprise the latest global ECMWEF reanalysis data from 1989 to present at a
resolution of 1° x 1° (Dee et al., 2011). T, was continuously below T; for about one month, longer than
ever before in the Arctic ERA interim data record. To investigate the effect of higher horizontal resolution
of the meteorological data on temperatures, we also show the operational IFS analysis at 0.25° x 0.25°

4
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resolution (thin black line in Fig. 1A). The higher resolution IFS analysis shows lower temperatures (1 to
100 3 K) at the beginning of the cold phase compared to the lower resolution data (red line in Fig. 1A).
Enhanced mesoscale gravity wave activity in December and early January 2016 could have caused this

temperature decrease and is better covered in the higher resolution data.

At 30 hPa, the area with T < Ti., extended over regions up to 3.6 x 10° km? (Fig. 1), and reached up to 4.9
x 10° km? at 50 hPa. From 18 January till the end of the month, the area with T < Ti., was continuously
105  more than one order of magnitude larger than its 36-years average and larger than the maximum of the
36-years ERA record. These extremely cold stratospheric winter conditions set the stage for excessive

synoptic-scale PSC formation in the Arctic winter 2015/16.

3 Unprecedented synoptic-scale ice PSCs persisted over a month in the Arctic winter 2015/16

For the first time in the observational record, persistent ice PSC occurrence was measured with the
110  CALIOP lidar onboard the CALIPSO satellite (Fig. 1D) throughout the Arctic winter from December
2015 to late January 2016. Ice PSCs were observed at altitudes between 15 and 25 km inside the Arctic
vortex during the period with extremely cold temperatures in the ERA interim data set (Dérnbrack et al.,
2016). The duration and the maximum extension of ice PSCs of 2 x 10° km? (near 21.6 km or ~ 30 hPa)
derived from CALIPSO in early winter roughly agrees with the possible ice area A;, derived from ERA
115  interim data, taking into account different spatial coverages of the two data sets. This suggests that ice
PSCs nucleate as soon as temperatures decrease below T, possibly via heterogeneous nucleation. A
decrease in water vapor concentrations due to dehydration inside the vortex may explain larger
differences in late winter. The extension of ice PSCs is largest in the Arctic winter 2015/16 and greater
than ever in the 8 years CALIPSO data record. Summarized, we find strong evidence for the

120  unprecedented existence of widespread ice PSCs in the Arctic.

4 High-resolution lidar measurements of ice PSCs during the POLSTRACC/SALSA/GW-CYCLE

campaign
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From 7 December 2015 till 20 March 2016, the international field campaign POLSTRACC/GW-
CYCLE/SALSA was conducted with the high-altitude and long-range Gulfstream G550 research aircraft
125  HALO out of Oberpfaffenhofen, Germany (48°N, 11°E) and Kiruna, Sweden (68°N, 20°E). While the
POLSTRACC (Polar Stratosphere in a Changing Climate) campaign focusses on polar stratospheric
chemistry and physics, GW-CYCLE (Gravity Wave Life Cycle) investigates the dispersion of gravity
waves from the troposphere to the mesosphere using also observations on the DLR research aircraft
Falcon. Finally, SALSA (Seasonality of Air mass transport and origin in the Lowermost Stratosphere
130  using the HALO Aircraft) investigates transport and mixing of air masses in the lower stratosphere region

in polar winter/spring conditions.

The campaign’s location and season were chosen to allow for aircraft measurements inside the Arctic
polar vortex in winter 2015/2016. With a range of more than 8000 km and a ceiling altitude of 15 km
HALO is perfectly suited to measure the composition of the vortex up to the North Pole. PSC abundance
135  above HALO flight altitudes was detected with the high spectral resolution light detection and ranging
lidar instrument WALES (Wirth et al., 2010; GroR et al., 2014). In addition, the lower part of the polar
vortex was probed with the combined in-situ and remote sensing payload of HALO in order to

characterize the chemical evolution of polar vortex air and to provide specific in-situ PSC information.

For particle detection, the WALES lidar as configured during POLSTRACC, has backscatter channels at
140 532 nm and 1064 nm wavelengths and additionally a high spectral resolution lidar (HSRL) channel and a
depolarization channel at 532 nm wavelength. The HSRL capability allows the retrieval of the extinction
corrected backscatter coefficient of clouds at 532 nm without assumptions about the phase function of the
particles (Esselborn, 2008). Linear particle depolarization is derived from volume polarization data and
backscatter ratio, following the method outlined by Freudenthaler et al. (2009). The relative sensitivity of
145  the two polarized channels is recalibrated regularly during flight to guarantee reliable depolarization

values.
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PSCs were detected with the WALES lidar on all flights inside the vortex between 22 January and 2
February 2016. A synoptic PSC measured on 22 January 2016 during a flight from Kiruna to the northern
tip of Greenland and back is shown in Fig. 2. The lidar observations from aircraft cruising near 14 km
150  altitude allow for an extraordinary high data resolution compared to the lidar on the CALIPSO satellite
travelling at an orbit near 700 km. The PSC extended between 16 and 25 km altitude over a horizontal
distance of 1400 km. It was continuously observed within in the Arctic vortex from 72°N to the outermost

return point at 86°N.

5 New classification of ice PSCs

155  From the co-located measurements of particle backscatter ratio and depolarization ratio, a classification
into different PSC types is possible (e.g. Toon et al., 2000; Pitts et al., 2009). Figure 3 shows the joint
histogram of backscatter ratio and particle depolarization for the cloud from Fig. 2. Overlaid are the
regions with correspond to different PSC types following Pitts et al. (2011) with the modification that the
sub-classification of MIX2 into MIX2-enhanced and normal MIX2 is dropped and the 1/R limit for ice

160  was set to 0.3 instead of 0.2. Without the latter change a substantial part of the branch connecting STS
and fully developed ice clouds (lower right branch in Fig. 3) would have been counted as NAT/STS
mixture (MIX2) instead of ice, which is the more obvious interpretation given the form of the joint

histogram.

The new classification has been applied to the PSC observations in Fig. 2C. Polar stratospheric ice clouds
165  (red areas in Fig. 2C) were detected in a cloud layer with a vertical thickness up to 6 km over distances of
several hundred km. The synoptic-scale ice PSC was observed when temperatures decrease below Tic
(black line in Fig. 2C) confirming the validity of the new classification. In the northern part of the cloud,
the ice PSC was embedded in NAT cloud layers extending above the ice PSC (yellow and green). Within
the ice PSC, NAT is masked by the higher optical signal from ice, but may be present. At the bottom of

170  the PSC, a layer of larger sedimenting NAT particles was observed, as also derived from the lidar ratio. In
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addition, the southernmost part of the PSC consisted of non-depolarizing liquid STS droplets (blue). The
STS layer extended below the ice and was connected to the ice region. Meteoric inclusions could be

present in the STS particles.

6 Temperature histories of the back trajectories starting the PSC

175  To investigate ice formation in the Arctic winter 2015/16, we performed trajectory calculations using the
Hybrid Single-Particle Lagrangian Integrated Trajectory dispersion model HYSPLIT (Draxler, 1998) with
hourly ECMWEF forecast data at 0.25° x 0.25° resolution as meteorological input. The HALO flight track
and ECMWEF temperatures at 30 hPa on 22 January 2016 are shown in Fig. 4. We calculated backward-
trajectories starting in the PSC observations every 2 min at 30 hPa near 21.6 km altitude to analyze ice

180  formation. Further we performed sensitivity studies at higher and lower altitudes (19, 21 and 23 km) to
account for particle sedimentation, which is not included in the simplified trajectory calculations shown
here. As a rough estimate, a 10-um sized ice crystal sediments about 1 km in a day (Fahey et al., 2001).
For aspherical particles the sedimentation rates are even lower (Woiwode et al., 2014; Weigel et al.,

2015), hence our simplified calculations cover the altitude range of sedimenting PSC particles.

185  Typical backward-trajectories starting in the observed ice PSC every 15 min between 11:20 to 11:50 and
14:40 to 15:10 UT are shown as white (A) or colored lines (B, C) in Fig. 4. The trajectories’ starting
points are marked by white hexagons in the lidar PSC observation in Fig. 2. The trajectories’ temperatures
decrease below Tyar about one day, and below T, about 12 h prior to the observations, hence allow for
ice formation. In contrast, a typical NAT trajectory (black line in Fig. 4) starting in the NAT layer (black

190  square in Fig. 2) circulates within the inner vortex at temperatures below 188 K for 10 days and stays
above T, indicating that ice did not nucleate. Furthermore, the gray STS trajectory (gray circle in Fig. 2)
reveals higher temperatures and never decreases below Ti,+2 K. Interestingly, the trajectories starting in
the different PSC layers within a single synoptic-scale PSC show different temperature histories and

hence can be used for a detailed and comprehensive investigation of ice PSC formation.
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195 7 Heterogeneous ice nucleation on NAT versus heterogeneous ice nucleation in STS with meteoric

dust

Based on the trajectory calculations and the histogram plot of optical PSC particles (Fig. 3), we suggest
different parts of the ice PSC have different nucleation mechanisms. The upper and northernmost fraction
of the ice PSC observed on 22 January 2016 had potentially nucleated on pre-existing NAT particles. 10-
200  days trajectories indicate that the air masses slowly cooled down about 5 days and again one day prior to
the observations. Hence, NAT particles had time to grow for at least a day, potentially longer. CALIPSO
observations consistently indicate the presence of NAT clouds from December 2015 to January 2016.
NAT nucleation rates on meteoric dust (Voigt et al., 2005; Groof et al., 2005; Hoyle et al., 2013) may

explain the formation of NAT PSCs within a day.

205  Half a day prior to the observation, the ice trajectories were slowly lifted by ~2 km above Greenland and
cooled down to temperatures below T, (Fig. 4B) suggesting a moderate influence of the orography on
stratospheric air (Carslaw et al., 2002). The influence of the orography decreases to the north, when
trajectories pass aside of Greenland. Cooling rates < 0.5 K/h reveal slow synoptic cooling at large scales,
significantly lower than the cooling rates of several K/h observed in mountain wave events (Luo et al.,

210  2003) and therefore do not allow for homogeneous ice nucleation. Still, mainly in the southern part of the
ice cloud, which is embedded in STS, heterogeneous ice nucleation in liquid STS;, with meteoric material
as suggested by Engel et al. (2013) could potentially explain a fraction of the ice PSCs. Here, the
trajectories pass directly above Greenland and the effect of small-scale temperature fluctuations may
increase. The southern and lower part of the ice PSC is embedded in STS. In Fig. 3 it represents the ice

215  branch on the right with high backscatter ratios. The formation process of this part of the ice cloud is
marked by the arrow indicating the STSm — ice transition. In addition, a second distinct ice branch with
high depolarization and lower backscatter ratios clearly separated from the other ice branch is shown in
Fig. 3. This part of the cloud is embedded in NAT and trajectories pass more to the north at slightly

higher altitudes with moderate influence of orography. This fraction of the ice PSC could be explained by
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ice nucleation on NAT, as shown by the arrow indicating the NAT-ice transition in Fig. 3. We further

expand this idea below.

The NAT crystal consists of 1 HNO; x 3 H,O molecules and exists in a—NAT or B—NAT crystal structure
(lannarelli and Rossi, 2015). Compared to liquid aerosol or meteoric particles, the NAT crystal structure
and grid size is more similar to that of ice, and therefore NAT readily nucleates on ice (lannarelli and
Rossi, 2015) as observed in laboratory experiments (Hanson and Mauersberger, 1988; Gao et al., 2016;
Weiss et al., 2016) and in mountain wave ice PSCs (Carslaw et al., 2002; Fueglistaler et al., 2002; Luo et
al., 2003; Voigt et al., 2003). Vice versa, we find here that ice (re)nucleates on NAT. The NAT particles
may have nucleated on STS with meteoric dust (Voigt et al., 2005; Hoyle et al., 2013) or in mountain
wave ice PSCs. The pathway of ice nucleation on NAT may also be responsible for the early onset of ice
PSC formation in December 2015, as observed from the CALIPSO satellite. Further it could be dominant
in the Antarctic winter stratosphere, where large-scale low temperatures promote the formation of
widespread NAT and ice clouds. Direct laboratory measurements of the nucleation rate of ice on NAT are
missing (Koop et al., 1997) and would be required to help to consolidate the suggested ice formation

process.

8 Extended Arctic ice PSCs - Implications for Arctic ozone loss and markers for low polar

stratospheric winter temperatures

In the Arctic winter 2015/16, ice PSCs first formed in December 2016 and remained for more than a
month. Due to their early winter occurrence, their persistence and their large surface areas, Arctic ice
PSCs contribute to chlorine processing and polar ozone loss in winter 2015/16. In addition, ice PSCs
serve as efficient transporters for nitric acid. NAT is stable below Ti,. and NAT can be included in ice
particles. The large ice particles sediment faster and therefore lead to efficient denitrification at PSC

altitudes. This slows down the passivation of active chlorine species and further enhances ozone loss.

10
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Detailed modeling as for example done by Nakajima et al. (2016) for the 2009/2010 winter would help

to quantify the contribution of ice PSCs to Arctic 2015/16 ozone loss.

245 9 Arctic ice PSCs as markers for low polar stratospheric winter temperatures

Both, polar ozone trends (Stolarski et al., 2006) and polar temperature trends (Randel et al., 2016) are
highly uncertain. Globally averaged, the stratosphere has cooled over the last 3-4 decades (Thompson et
al., 2012; Ramaswamy et al., 2006), with an initially stronger, later less pronounced cooling trend. The
cooling has been attributed to natural influences and climate change (Ramaswamy et al., 2006) including
250  the effects of increasing greenhouse gases and stratospheric ozone depletion. Due to complex interplay of
radiative and dynamic forcings, the trend is less clear in the polar winter stratosphere (Bohlinger et al.,
2014), if existing at all (Randel et al., 2016; Thompson et al., 2012). As the mean Arctic winter conditions
are at the threshold of ice formation, Arctic ice PSCs are a sensitive marker for low Arctic stratospheric
winter temperatures. Therefore, future observations of Arctic ice PSCs may serve as indicator to assess

255  Arctic stratospheric winter temperature and ozone trends.
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Figure 1 Temperature evolution of the 2015/16 Arctic winter stratosphere (A) Temperature evolution
of the polar stratosphere derived from European Centre for Medium-Range Weather Forecasts ECMWF
meteorological data (ERA interim climatology, 1°x1° resolution). Thick black line: Mean of the
475  minimum polar cap temperatures T, (K) for ¢ > 65°N at 30 hPa between 1979 and 2015. The gray
shading indicates the temperature range of T, at the same pressure level throughout the 36-years data
record. The red line shows the evolution of Ty, in the Arctic winter 2015/16, decreasing below the 36-
years data record throughout January 2016. The thin black line gives results from the higher resolution
(0.25° x 0.25°) integrated forecast system IFS. T, (Murphy and Koop, 2005) and Tyar (Hanson and
480  Mauersberger, 1988) are calculated using 4.6 ppmv H,O and 7 ppbv HNO; for Fig. 1 and Fig. 4, relevant
for the 2015/16 Arctic vortex conditions (Manney and Lawrence, 2016). (B) Evolution of the Arctic
vortex area with temperatures below Ti.. Black line: Mean area below T (Aice) at 30 hPa pressure
(~21.6 km) between 1979 and 2015. The gray shading indicates maximum and minimum areas below T
in the same time period. The red line shows the evolution of A, at the 30 hPa pressure surface in the
485  Arctic winter 2015/16. Gray dashed line: Mean area below Ti,. at 30 hPa south of 65°S from 1979 to
2015, shifted by 6 months to account for seasonality. (C) Same data for NAT. (D) Altitude and
occurrence of ice PSCs detected by the lidar onboard CALIPSO satellite using the classification from

(Pitts et al., 2009). (E) Altitude and occurrence NAT/STS PSCs measured with CALIOP.

Extremely low temperatures and large areas with temperatures below T, and Tyar Were encountered in
490  the exceptional Arctic winter 2015/16. Synoptic ice PSCs were observed by CALIOP from mid of

December 2015 till end of January 2016.
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Figure 2 Lidar observation of synoptic-scale polar stratospheric ice clouds (A) Backscatter ratios
495  from the WALES high spectral resolution lidar (Wirth et al., 2010) at 532 nm wavelengths during a
HALO flight into the Arctic vortex on 22 January 2016. Combined with information on particle
depolarization (B), the PSC type (panel C) can be inferred (see also Fig.3). A PSC extends between 16
and 24 km. Its core contains a thick synoptic ice PSC (red area in panel C) extending over several
hundred km from 73°N to 82°N along the HALO flight track. The ice PSC is embedded in NAT layers
500 (NAT/MIX1, green; NAT/MIX2, yellow) and in liquid STS layers (blue). In addition, the areas with
temperatures below Tyar (dashed line) and Ty (solid line) as derived from ECMWEF temperatures and

water vapor fields and a climatological HNO; profile, are shown in panel C. A major fraction of the ice
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cloud is observed at T < Ti.. The NAT/MIX2 layer could also contain ice particles where temperatures
are below Ti.. The ending points of the trajectories given in Fig. 4 for ice (white hexagon), NAT (black

505  square) and STS (gray circle) are also shown.
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Figure 3 Classification of the 22 January 2016 PSC Composite 2-D histogram of the PSC shown in
Fig. 2 in the aerosol-depolarization vs. 1/backscatter ratio coordinate system. The solid black lines denote
510  the boundaries of the PSC composition domains defined by Pitts et al. (2011) with new boundary between
ice and NAT/Mix2 of 0.3. The histogram bin size is 0.02 x 0.02 and the color scale indicates the number
of cloud observations (4 km horizontal by 100 m vertical) falling within each bin. No observation falls
into the wave ice class formed in strong mountain waves. STS;, denotes STS with meteoric dust
inclusions. The STSy, — NAT, NAT - ice and STS,, — ice transitions are indicated by arrows. Different

515  PSCs types can be clearly identified by their optical properties and their formation pathway is indicated.
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Discussions

Figure 4 Ice formation on NAT (A) Temperatures at 30 hPa on 22 January 2016 derived from ECMWF
meteorological data at 0.25° x 0.25° resolution. The HALO flight track is shown as green line.
520  Temperatures down to 180 K occurred within the polar vortex. The location of 10-days back-trajectories
ending in the ice PSC (numbered chronologically along the flight path 1-3 and 5-7) are shown as white
lines, a typical back-trajectory ending in the NAT layer (4) is given in black and for the STS layer (8) in
gray. The temperature evolution of 36-h back trajectories ending in the ice (color coded by altitude),
NAT, STS (gray) PSC layers at 30 hPa is given in panel (B) and extended to 10 days in panel (C). Tj. and
525  Tyar are calculated from (Murphy and Koop, 2005) and (Hanson and Mauersherger, 1988), respectively.
The trajectories ending in the ice PSC slowly decrease below Tyar more than 1 day and below T, about
12 h prior to the observation. We suggest that the upper part of the ice PSC could have nucleated

heterogeneously on pre-existing NAT particles and the lower part on meteoric dust in STS.
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