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Abstract. Large areas of synoptic-scale ice PSCs (po-shows that (1) accounting for small-scale temperature fluc-
lar stratospheric clouds) distinguished the Arctic winter tuations along the trajectories is essential in order to reach
2009/2010 from other years and revealed unprecedented eagreement between simulated optical cloud properties and
idence of water redistribution in the stratosphere. A uniqueobservations, and (2) the use of recently developed heteroge-
shapshot of water vapor repartitioning into ice particles wasneous ice nucleation parameterizations allows the reproduc-
obtained under extremely cold Arctic conditions with tem- tion of the observed signatures of de- and rehydration. Con-
peratures around 183 K. Balloon-borne, aircraft and satelliteversely, the vertical redistribution of water measured can-
based measurements suggest that synoptic-scale ice PS@st be explained in terms of homogeneous nucleation of ice
and concurrent reductions and enhancements in water vazlouds, whose particle radii remain too small to cause signif-
por are tightly linked with the observed de- and rehydra-icant dehydration.

tion signatures, respectively. In a companion paper (Part 1),

water vapor and aerosol backscatter measurements from the

RECONCILE (Reconciliation of essential process parame- ]

ters for an enhanced predictability of Arctic stratosphericl Introduction

ozone loss and its climate interactions) and LAPBIAT-II (La- . .

pland Atmosphere—Biosphere Facility) field campaigns havepOlar stratospheric cloud§ (PSCs) may fo.rm in the lower
been analyzed in detail. This paper uses a column version Oﬁtratosphere above the vymter poles at suff|c_|¢ntly IO‘.N tem-
the Zurich Optical and Microphysical box Model (ZOMM) peratures. Ice PSCs require the Coldes_t conditions, with tem-
including newly developed NAT (nitric acid trihydrate) and peratures about 3K below the frost poifffrésy) to nucleate

ice nucleation parameterizations. Particle sedimentation i&ce parucles homogeneousl;(céop et al, 2000.' When the
calculated in order to simulate the vertical redistribution of particles grow to sizes large enough to sediment, dehydra-

chemical species such as water and nitric acid. Despite limiion may occur, that is, the irreversible redistribution of wa-

itations given by wind shear and uncertainties in the ini- ter vapor, as frequently observed above the Antarctic (e.g.,

tial water vapor profile, the column modeling unequivocally Kelly etal, 198_9 Vomel e_t al, 1995 Nedoluha et a).2000.
Temperatures in the Arctic stratosphere are generally warmer
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3232 I. Engel et al.: Arctic stratospheric dehydration — Part 2

than in the Antarctic stratosphere and therefore the formaAdditionally, because sedimentation is included, the column
tion of ice PSCs and the occurrence of dehydration eventsersion can be used to follow trajectories over longer periods
is relatively infrequent. Some observations of ice PSCs andf time and thus allows the simulation of the observed de-
water vapor depleted regions from the coldest Arctic win- hydration of the Arctic stratosphere. Caveats of this method
ters are published in the literature (e.Bahey et al.199Q will be discussed in Sec?.4.1

Vomel et al, 1997 Jimenez et a] 200G Maturilli and Dérn- In this study, we examine the effect of different nucleation
brack 2006. However, these studies did not observe suchmechanisms, in particular homogeneous vs. heterogeneous
a clear case of vertical redistribution of water vapor as thatice formation, as well as temperature fluctuations, on PSC
presented here, which occurred above Sodankyla during thproperties. The overall goal of this work is to compare the
Arctic winter 2009/2010. modeled microphysics with the observations and thus test the

This paper presents vertical profiles of water vapor andnewly proposed heterogeneous ice nucleation parameteriza-
aerosol backscatter obtained within the framework of thetions. We show that in order to successfully reproduce the
LAPBIAT-II (Lapland Atmosphere—Biosphere Facility) bal- observed dehydration and rehydration, heterogeneous nucle-
loon campaign in January 2010 from Sodankyld, Finland,ation and temperature fluctuations must be accounted for in
which was closely related to the RECONCILE (Reconcili- the model.
ation of essential process parameters for an enhanced pre-
dictability of Arctic stratospheric ozone loss and its climate
interactions) project and its activities in the same Arctic win- 2 Methods
ter (von Hobe et al.2013. Whereas the majority of Arc-
tic PSC studies describe wave ice cloud observations abovghe following section provides a short overview of the mea-
Scandinavia (e.gCarslaw et al.1998h Fueglistaler et al.  surement techniques used to obtain the data for this study.
2003, we present model simulations based on observationg-urthermore, the trajectory calculation tool and the micro-
of rare synoptic-scale ice clouds. A week-long period (15 tophysical column model are characterized. A more compre-
21 January 2010) of unusually cold temperatures at stratohensive description of the different instruments is given in
spheric levels led to the formation of synoptic-scale ice PSCshe companion paper bghaykin et al.(2013.

(Pitts et al, 2011). Balloon-borne measurements of parti-

cle backscatter and water vapor on 17 January captured a1 Backscatter measurements

ice PSC and the concurrent uptake of water from the gas

phase in fine detail, providing a high-resolution snapshot ofBackscatter measurements from balloon- and spaceborne in-
the process of ice PSC formation. A vertical redistribution struments are utilized in this work. The Compact Optical
of water inside the vortex, which was tracked remotely andBackscatter Detector (COBALD) is a backscatter sonde, en-
could be quantified again by in situ measurements some fivgjineered at ETH Zurich, complementing operational weather
days later, was observed in the Arctic stratosphere for théballoon payloads. The sonde is a follow-up development of
firsttime. A companion papeKpaykin et al, 2013 presents  the backscatter sonde designecdRnsen and Kjomé1991).

the series of in situ observations in January 2010 above Sofwo LEDs emitting at wavelengths of 455 nm and 870 nm are
dankyla, which coincide with vortex-wide satellite measure- aligned in parallel and located to the left and right of a silicon
ments. This study connects two individual balloon soundingsdetector. The light scattered back by air molecules, aerosols
by trajectories and simulates the formation, growth and sedand cloud patrticles is recorded with a typical frequency of
imentation of the ice particles. 1Hz. The data analysis followRosen and Kjomg1991)

Very recently, the commonly accepted theories describingo separate the individual contributions from molecules and
the formation mechanisms of PSCs have been revised. Hoaerosols to the measured backscatter signal. The molec-
mogeneous freezing of supercooled ternary solution (STSular air number density is derived from temperature and
droplets is the generally accepted formation pathway forpressure recorded simultaneously by the radiosonde hosting
ice PSCs, requiring a supercooling®f< Tiost — 3K (€.9., COBALD. A direct indicator for the presence of aerosols is
Koop et al, 1995 2000. The importance of heterogeneous the backscatter ratio (BSR): it is defined as the ratio of the
ice nucleation for PSC formation was showntbygel et al.  total (aerosol and molecular) to the molecular backscattered
(2013, together with a study biloyle et al.(2013, which light intensity (at~ 180° back to the detector). Accordingly,
reconciled the current theory of nitric acid trihydrate (NAT) the aerosol backscatter ratio is equal to BSR COBALD
nucleation with observed PSC characteristics. has already been applied in several different field studies,

This study uses a column version of the Zurich Optical andfor example, measuring the volcanic aerosol plume after the
Microphysical box Model (ZOMM) including the newly de- eruption of the EyjafjallajokullBukowiecki et al, 2011 and
veloped NAT and ice nucleation parameterizations. Similarcirrus clouds Brabec et a].2012 Cirisan et al.2013.
to the one-dimensional version of ZOMM, the new column The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
version allows the simulation of the nucleation and growth Observations (CALIPSO) satellite provides profiling mea-
of PSC patrticles and the associated reduction in water vaposurements of cloud and aerosol distribution and properties

Atmos. Chem. Phys., 14, 32313246 2014 www.atmos-chem-phys.net/14/3231/2014/
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obtained by the Cloud-Aerosol Lidar with Orthogonal Po- train satellite constellation and CALIOP and MLS measure-
larization (CALIOP). The satellite completes 14.5 orbits per ment tracks are closely aligned. The spatial and temporal dif-
day and has a near-global coverage, ranging frofi\Bb ferences are less than 10km and 30s after a repositioning
82 S (Winker et al, 2007). CALIPSO's orbit inclination  of the Aura satellite in April 2008Lambert et al. 2012.

and its associated extensive polar coverage make the satdALS water vapor profiles presented in this study are inter-
lite an ideal platform for PSC observations. For this purpose polated to the CALIOP PSC grid using a weighted average
Pitts et al.(2007, 2009 introduced a detection algorithm to of the two nearest MLS profiled(tts et al, 2013. Typical
identify and further classify PSCs. Their composition clas- single-profile precisions of the MLS version 3.3 measure-
sification is based on BSR at a wavelength of 532 nm andments (ivesey et al. 2011 are 4% to 15 % for HO (Read
aerosol depolarizatior{eroso) Obtained from the CALIOP et al, 2007 Lambert et al. 2007 and 0.7 ppbv for HN@
Level 1B data product. The data is averaged to a uniform(Santee et al2007).

grid with a horizontal resolution of 5km and a vertical res-

olution of 180 m.Pitts et al.(2011) distinguish six different 2.3 Trajectory calculations

PSC composition classes with varying number densities of

liquid, NAT and ice particles. The trajectories used within this study are calculated from
six-hourly wind and temperature fields of the ERA-Interim
2.2 Water vapor and nitric acid measurements reanalysis produced by the European Centre for Medium-

Range Weather Forecasts (ECMWBgg et al, 2011), with

Balloon-borne water vapor measurements are obtained by horizontal resolution of °1x 1°. We used the trajectory
two different techniques. The Fluorescence Lyman-Alphamodule of the Chemical Lagrangian Model of the Strato-
Stratospheric Hygrometer for Balloons (FLASH-B) is a Rus- sphere (CLaMS)NIcKenna et al.2002 to calculate trajec-
sian water vapor instrument developed at the Central Aerotories for the microphysical study. Vertical velocities are de-
logical ObservatoryYushkov et al.1998. The fluorescence rived from ERA-Interim total diabatic heating ratdal¢eger
method uses the photodissociation ofGHmolecules ex- et al, 2010. Starting at 19:47UTC on 17 January 2010,
posed to Lyman-alpha radiation followed by the measure-a balloon sounding was performed from Sodankyla (here-
ment of the fluorescence of the resulting excited OH radi-after referred to as S1). Individual balloon positions along its
cals Kley and Stone1978. The intensity of the fluorescent pathway at pressure levels 100 hPa served as start points
light sensed by the photomultiplier is directly proportional to for the first set of trajectory calculations. With a vertical dis-
the water vapor mixing ratio under stratospheric conditionstance of 100 m between two trajectories, two-day backward
(10hPato 150 hPa). The second instrument used within thisnd three-day forward trajectories with time steps of 15 min
study is the Cryogenic Frost point Hygrometer (CFH), which were computed. A second sonde was launched on 23 Jan-
was developed at the University of Coloradébmel et al, uary 2010 at 17:30UTC (hereafter referred to as S2), for
20073. The instrument’s principle is based on a chilled mir- which three-day backward and two-day forward trajectories
ror. The temperature of the mirror can be regulated such thaih the same altitude range as for the first sounding have been
a thin but constant layer of frozen condensate covers the suealculated. Figurdl illustrates the pathways of two exem-
face. The thickness of the frozen layer is controlled by a pho-plary trajectories for each sounding within the Arctic vortex.
todiode connected to an LED. The photodiode measures varikt is apparent that Sodankyla was located in the cold pool
ations of the reflected light caused by changes in the thickwith temperatures as low as 183 K as measured by the son-
ness of the condensate, which feeds back into the regulatiodes, while upstream the air was more than 10 K warmer. On
of the mirror temperature. Under these conditiofigs; of 17 January Sodankyla was at the edge of a larger area of
the surrounding air is equal to the mirror temperature. The resynoptic-scale ice clouds seen by CALIOP.
ported overall uncertainty, which includes accuracy and pre- Pressure and temperature from the joined backward and
cision, for both instruments in the middle stratosphere is lesdorward trajectories constitute the meteorological input for
than 10 % Yomel et al, 2007H. the microphysical model. Additionally, information about to-

Water vapor and nitric acid were measured using the Mi-tal water and nitric acid mixing ratios is needed at the up-
crowave Limb Sounder (MLS) aboard the Aura satellite. stream end of the trajectories. For S1, HN@lues were
MLS provides atmospheric profiles of temperature and com-taken from MLS, averaged for the corresponding day over
position (including HO and HNQ) via passive measure- cloud-free areas within the vortex and vertically interpolated
ment of microwave thermal emission from the limb of the to the starting pressure of the trajectories. Vertically resolved
Earth’s atmospheréNaters et al.2006. Vertical scans are climatological mean values for January were used A3 if-
performed every 25 s, corresponding to a distance of 165 knput. The HO profile is calculated from ice-cloud-free mea-
along the orbit track. Vertical and horizontal along-track res-surements conducted above Sodankyld, between 2002 and
olutions are 3.1 km to 3.5km and 180 km to 290 km, respec-2010, using the National Oceanic and Atmospheric Admin-
tively, for H2O, and 3.5km to 5.5 km and 400 km to 550 km istration (NOAA) frost point hygrometer and the CFH (see
for HNOs. Aura flies in formation with CALIPSO in the A- Khaykin et al, 2013 for more details). Simulations of S2

www.atmos-chem-phys.net/14/3231/2014/ Atmos. Chem. Phys., 14, 32216 2014
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17 January 2010 23 January 2010
T_min=183.1K T_min=184.8K

_____ s |

184 186 188 190 192 194 196 198 200
Temperature [K]

Fig. 1. Polar maps with ERA-Interim temperatures at 30 hPa (grayscale) on 17 January 2010 (left) and 23 January 2010 (right). Red curves:
CLaMSs trajectories starting on these day above Sodankyla at 520K (solid) and 440K (dashed) potential temperature. Trajectories are
two days backward and three days forward in time for 17 January 2010 (S1) and three days backward and two days forward in time for
23 January 2010 (S2). Red dots: 24 h time periods along the trajectories. Cyan points: ice clouds observed by CALIOP on 17 and 18
January 2010 between 16 km and 30 km altitude. No ice clouds were observed by CALIOP on 23 January 2010.

were initialized with the HO and HNQ profiles from S1  imum amplitude is assumed to occur at the sonde flight path
atr = 21 days. Even though a horizontal displacement existsand is assumed to be altitude dependent as shown ir2ig.
between the individual trajectory end and start points of Si(red line).

and S2, respectively, the approach is justified given the tem-

perature distribution on vortex scale: at points where trajec2.3.1  Small-scale temperature fluctuations

tories are matched, temperatures were above 200 K, ensuring

cloudtfree air and thus no change in thﬂdistribution.. Earlier studies (e.gMurphy and Gary1995 Karcher and
‘Trajectory temperatures were corrected according to ghmann 2003 Hoyle et al, 2005 have investigated the
Fig. 2, showing temperature deviations between ERA-gffect of rapid temperature fluctuations and associated high
Interim reanalysis data and measurements, taken by thgggling rates on ice cloud formation and properties. Cool-
Vaisala RS-92 on S1. Thg total measurement uncertainty fofng rates of less than one Kelvin per hour favor the growth
the temperature sensor is 0.5K with an accuracy of 0.3 Kof preexisting ice particles and the total number densities of
between 100hPa and 20hPa as specified by Vaisala. Bge particles remain low. In contrast, high cooling rates of
tween 32hPa and 25hPa, ERA-Interim temperatures Wereyeral Kelvin per hour can produce supersaturations high
more than 1.5K too warm compared to the measured teMgnoygh to impact ice nucleation and freeze a major frac-
peratures. The temperature deviation coincides with the obgion of the stratospheric background aerosshry (2006
served ice cloud, which cannot be reproduced using 0rigi-fond that a significant component of the short-term verti-
nal ERA-Interim temperatures, as shown below. Assumingc| gisplacements of isentropic surfaces remains unresolved
that the temperature difference is caused by a local cold pookisq py current numerical weather prediction models. Re-
not reso!ved in the ERA-Interim da_ta,' temperatures alqng th&ent microphysical modeling studies confirmed the impor-
trajectories were changed only within a short time window ance of an adequate representation of cooling rates for cirrus
around the observation. The amplitude of the applied temper(Brabec et al.2012 Cirisan et al, 2013 and polar strato-
ature correction is assumed to decrease (using a sine CUVV%bheric cloudsEngel et al,2013. We follow the same ap-
yvith. increasing time from the observation (vertical red line proach chosen in these studies and make use of the vertical
in Fig. 2c) and equals zero 12 h before and after the obserye|ocity and temperature time series obtained from the SUC-
vation. Figure2c illustrates an exemplary trajectory without cEss (Subsonic Aircraft: Contrail and Cloud Effects Spe-
(black dash_ed line) and with (red solid line) applied tempera-gjq) Study) data analyzed Wyoyle et al.(2005 to conduct
ture correction. In the absence of better knowledge, the maxp,gdel runs along trajectories with superimposed temperature

Atmos. Chem. Phys., 14, 32313246 2014 www.atmos-chem-phys.net/14/3231/2014/
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20 ‘ ‘ ‘ ‘ ; ‘ 580 andLuo et al.(2003h and recently extended Byoyle et al.

. ! () (2013 and Engel et al.(2013. The following section pro-
vides an overview of the modifications made to ZOMM for
the purposes of this study.

ZOMM can be initialized with a lognormally distributed
population of supercooled binary solution (SBS) droplets,
described by a mode radius, number density and distribution
width, typical for winter polar stratospheric background con-
ditions Dye et al, 1992. Driven by temperature and pres-
sure data along trajectories, the uptake and release of nitric
acid and water in ternary solution droplets is determined. The
total amounts of HO, H,SO, and HNG; contained in the

30} ! 1520

Pressure [hPa]

1460

Approx. potential temperature [K]

)

|

|

|

|

|
80 L : 400
0

180 185 190 195 200 -15 15 air parcel are set at the beginning of the trajectory. A mix-
Temperature [K] AT K] ing of air parcels is not possible and therefore the sum of the
192 g gas and particle phase remains constant unless sedimentation
100l W ' © ] takes place. The mass of sedimenting NAT and ice particles

is conserved as described below. Distributed across 26 radius
bins when the model is initialized, droplets are henceforward
- 1 allowed to grow and shrink in a fully kinetic treatment and
A | without being restricted to the initial lognormal shape of the
‘ ‘ ‘ ‘ distribution Meilinger et al, 1995. The formation of solid
17.25 175 17.75 18 18.25 185 particles results in an initiation of additional size bins. Ho-
Day of the year mogeneous ice nucleation in STS droplets is calculated as is
Fig. 2. (a)Black solid line: temperatures measured with the Vaisala N€terogeneous nucleation of ice on foreign nuclei and NAT
RS-92 radiosonde launched from Sodankyld on 17 January 2018urfaces. NAT nucleation is implemented as deposition nu-
(S1). Black dashed line: ERA-Interim reanalysis temperatures in-Cleation on ice particles and as immersion freezing on for-
terpolated in time and space to the position of the drifting balloon.eign nuclei. Whereas homogeneous ice nucleation, follow-
Blue dashed line: frost point temperature calculated from the cli-ing Koop et al.(2000, and NAT nucleation on uncoated ice
matological mean water vapor profi@) Difference between mea-  surfaces, described in detail imo et al.(2003b, have been
surement and I_ERA-Interim as sho_wn(m. Red line: temperature accepted pathways of PSC formation for many years now,
correction applled_ to the trajectories between 32_hPa and 25 thhe possibility of PSC formation via heterogeneous ice and
(c) Black dashed line: exemplary E.RA-Interlm trajectory at S1 for NAT nucleation on foreign nuclei (e.gTolbert and Toon
29 hP_a. Blue c_iashed line: frost point temperature celcglated from?OOJ; Drdla et al, 2002 Voigt et al, 2005 had until previ-
the climatological mean water vapor profile. Red solid line: ERA- ! . ’ . N
Interim trajectory with temperature correction. Black solid line: ously Or,'lya narrow Obser\{at'onal data basis so th,atdefm't've
ERA-Interim trajectory with temperature correction and superim- Conclusions about nucleation rates were not possible; further-
posed small-scale fluctuations. See text for details. more, any clear support from laboratory measurements was
lacking (see detailed discussion Bgter and Grogl2012).

The observational impasse has been overcome recently by
fluctuations. Only wavelengths 400 km were considered, the wealth of CALIOP PSC observations on NAT and ice
which are not resolved in the ERA-Interim wind fields used PSCs obtained in the winter 2009/20Tit(s et al, 2011),
in our trajectory calculations. The temperature fluctuationswhich unmistakably reveals that both particle types must
were superimposed onto the synoptic-scale trajectories witthave nucleated heterogeneously. A heterogeneous nucleation
random frequencies and a temporal resolution of 1 s as seefechanism, occurring on preexisting particle surfaces, for
in Fig. 2c (black solid line). Typical peak-to-peak fluctua- €xample, on meteoritic particles, has been developed to ex-
tions are about 1 K. Fo||owin@ary (20061 the Gaussian’s plain CALIOP PSC observations over the Arctic in Decem-
“full-width at half-maximum” of a temperature differences ber 2009 and January 2010. The parameterizations, based on

188}

186f o~ = - <

Temperature [K]

histogram is 1.2 K. active site theoryNlarcolli et al, 2007), for NAT and ice are
given inHoyle et al.(2013 andEngel et al(2013, respec-
2.4 Microphysical column model tively. These studies used ZOMM in a pure box model con-

figuration, and limitations caused by neglecting sedimenta-
The new column version of ZOMM with implemented het- tion of NAT and ice particles in the winter polar stratosphere
erogeneous ice and NAT nucleation rates is used to simulatevere already pointed out by these authors.
the formation, evolution and sedimentation of ice particles For the present study, we developed the stratospheric ver-
along trajectories. The underlying model, utilized for PSC sion of ZOMM further into a column model similar to the
simulations, has been described Mgilinger et al.(1995 existing cirrus column version of ZOMM (e.d.uo et al,
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2003a Brabec et al.2012 Cirisan et al.2013. Sedimenta-  which allows for mixing of air masses, can overcome this
tion of ice and NAT patrticles is realized by allowing particles limitation.
to sediment within the advected column from one box to the
next lower one. For the present study the column consists
of a stack of 100 m thick boxes and the timestep for sedi-3
mentation is 15 min. ane ice or NAT pa_rtlcles grow to SIZ8Srhe Arctic winter 2009/2010 was characterized by a week-
large enough to sediment, the appropriate fraction of part|—Iong period of unusually cold temperatures in the lower
cles is removed from its current box and, according to its iratosphere. From 15 to 21 January, temperatures below
sme-dependenF sed|mentat!on speed,. |n!ected into the ne;‘;‘tﬂost led to widespread synoptic-scale ice PSCs, which were
lower box. Sedimented particles are distributed equally over .
the entire box. Number and mass of the particles are Conpbserved by CALIOPRitts et al, 2011). The balloon sonde
served ' P S1 equipped with COBALD and FLASH-B (besides ozone,
S . . meteorological parameters and GPS) was launched from So-
The optical properties of the simulated PSCs are Calcu'danklya on 17 January 2010 at 19:47 UTKhaykin et al
lated using Mie and T-Matr.ix scattering codmi$'hchenko 2013. At about 21:00UTC the ba.lloon reached its p;oint
etal, 2010 to_qompute optical param_eters for sae-re;olv_edm burst and the payload began its descent. COBALD and
gg)r?lf);r g'?gsilge;s;zrﬁgds’to’\lﬁz irzrlize.e-r”é? ;lefr;)cége "N ELASH-B profiles measured during the descent are shown
o : 9 ) " .. in Figs.3 and4, respectively. Particle backscatter ratios and
For NAT, a refractive index of 1.48 was chosen, as used in

several earlier studies (e.Garslaw et al.1998a Luo et al, the simultaneously captured reduction in water vapor reveal

20030 Fueglistaler et a]2003. The refractive index for wa- :2:erztg:tg;cé;g{lizsrg;;ﬁezgg rgtc [aes.oi\él:%glnicjer?n b:rcakti(r::t;)f
terice is 1.31arren 1984. Following Engel et al (2013, P P

both crystals are treated as prolate spheroids with aspect ra‘?—lo K and mark the clearly defined upper edge of the low-

tios of 0.9 (diameter-to-length ratio). T-Matrix calculations estice layer. The ice layers are embedded in a cloud of STS

. . ; _droplets extending from 440 K upwards and identified by the
for spheroidal NAT particles and the effect of changing as backscatter increase from the background level below. Above

Fhe tropopause at around 310K (not shown), the Junge layer

flustrated in Fig. 7 ofFFlentje et al.(2002. Increasing as- causes an elevated background level, clearly visible in the
phericity results in lower values of aerosol depolarlzatlon,COBALD profiles at 870 nm in Figssh and e.

which worsen the agreement between the simulations and the A vortex-wide change in PSC composition occurred on

COBALD/CALIOP measurements. 22 January together with the onset of a major warming,
and CALIOP measurements after this time showed predom-
inantly liquid PSCs Ritts et al, 2011). An unprecedented
. ... measurement of vertical redistribution of water followed on

The approach of using a column model has certain I|m|ta-23 January 2010. Sonde S2 with COBALD and CFH was
tions. Strictly speaking, such an approach is only possible iqaunched at 17_3'0 UTCKpaykin et al, 2013. A strato-
situations without horizontal or vertical wind shear. Changesspheric layer of .irreversibly dehydrateéi air Wés measured at
in Wino! direction or velocity with chapging altitude WOUId potential temperatures above 470 K. The reduction in water
otherwise lead to errors in the location of the sedlmenta-vapor of 1.6 ppmv was observed in essentially ice-cloud-free

tion events. The case |n\_/es_t|gated in this study is Su.ﬁ'C'e.mlyair with backscatter ratios below 5 at 870 nm. Even though
close to meeting the criteria of a homogeneous wind field

within a time window of 12 h downstream of S1, in which temperatures at this level were as cold as on the 17 January,

the modeled sedimentation event took place. Within the firsﬂgrﬁg 2053 fr%rgs]%(:] d;fe 0 rilrg:rugiea:lmo?urr:h@gtzzgn
12 h downstream of S1, the distance between two trajecto- P rost 9 Y

ries, starting 3 km apart in altitude at potential temperature was detected below this layer (between 450K and 470K).

. SThe enhancement in water vapor of about 1ppmv above
0f 520K (cloud top) and 440K (cloud base), is about 350 km'climatological mean conditions coincided with COBALD

This distance is within the area of ice PSCs with consis-
. . backscatter measurements of up to 20. Backscatter values
tent cold temperatures, and as the modeled sedlmentatlop S
e X . rom CALIOP (between 2 and 4 at 532 nm) suggest liquid
takes place within these first 12 h, the wind shear has only _ . . oo
. . L particles, and enhancements of 10 to 20 %,iioseiindicate
a moderate effect on the initial vertical redistribution of wa- the existence of NAT particles in this laver
ter. However, the results presented within this study refer to P yer.
a longer continuing time period and the parcel’s locations
diverge with proceeding time (compare Fi. While the 4  Microphysical analysis
column of air parcels rotate with the polar vortex, de- and
rehydrated air masses may depart and disconnect from eacfo analyze differences in PSC properties resulting from
other, whereas the simulated total water stays constant withihomogeneous or heterogeneous ice nucleation as well

the column. Only a three-dimensional modeling approachas from changes in temperatures and cooling rates, we

Observations

2.4.1 Model limitations
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Fig. 3. Results from the microphysical column model ZOMM driven by ERA-Interim based CLaMS trajectories with superimposed small-
scale temperature fluctuations. Upper pa(@lsl): time series of backscatter ratios (BSR) at 532 nm (color coded); vertical red lines: S1 and
S2. Lower panels: comparison between simulations (red) and measurements (black), namely COBALD BSR gb8&Yamd CALIOP

BSR (solid) and depolarization (dashed) at 532 wnf). Simulations (red lines) irfic) and (f) have been interpolated corresponding to

the vertical resolution of the instrument. Color bars: PSC classification scheme accor#itig &t al.(2011) for CALIOP observations.
CALIOP data are from orbits 2010-01-18T00-19-5¢¥and 2010-01-24T01-22-07@) closest to Sodankyla.

performed various simulations with different initial condi- have been compared to balloon- and satellite-borne measure-
tions and model configurations. The results with the bestments. Their approximate observation time is indicated by
agreement between simulated and observed PSC propertiegrtical red lines in the upper panels. Their exact position
are shown in Figs3 and4. This simulation accounted for ho- is equal to the position of S1 and S2 in each case. Panel b
mogeneous ice nucleation, heterogeneous nucleation of NAEhows modeled and observed values for the initial sounding
and ice on foreign nuclei as well as the nucleation of ice onS1 on 17 January and panel e for S2, the sounding which took
preexisting NAT particles and the nucleation of NAT on pre- place on 23 January 2010. Panels ¢ and f show satellite mea-
existing ice particles. Small-scale temperature fluctuationssurements, a 25 km mean around the profile closest in time
as described in Sec2.3.1, needed to be superimposed onto and space to the corresponding balloon sounding from So-

the trajectories in order to reproduce the observations. dankyla. Whereas CALIPSO and Aura weré&00 km away
from Sodankyla with a time difference of 3 h between the in-
4.1 Direct measurement-model comparison dividual measurements on 17 January, measurements on the

23 January have a horizontal displacement of enty00 km

. . . but a 6 h time lag. All measurements are shown in black, sim-
The comparison of measured and simulated optical proper-

ties, namely BSR and,, is presented in Fig. Here ulations in red. The simulated profiles in panels ¢ and f are
’ y erosol IS P ' ' __interpolated to the corresponding grid of CALIOP and MLS
the modeled temporal evolution of BSR at 532nm along . . ! .
. . . . ~and smoothed with a moving average filter spanning 3.1 km
the trajectories is shown in panels a and d as a functio

; . or the comparison with MLS.
of potential temperature. Figueepresents the correspond- . . . .
) : . Simulated NAT and ice number densities as well as their
ing results for water vapor. We started trajectories backward - . : .
L . . mean radii are presented in Flg.which shows various sce-
and forward in time as described in Se2i3 along the de- narios with respect to nucleation mechanisms and will be
scent of S1 (FLASH-B and COBALD) and the ascent of S2 P

. —explained in detail below. (The rightmost column of Fig.
(CFH and COBALD). The operation schedule of FLASH depicts the scenario from which Figsand4 were derived.)

B and CFH and a discussion about the data quality dur- Temperatures above the existence temperature of NAT

ing ascent and descent can be found in our companion pa- o ;
per (Khaykin et al, 2013. The simulated vertical profiles a(TNAT) ensure sub-saturated conditions (i.e., no PSCs) at the
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Fig. 4. Results from the microphysical column model ZOMM driven by ERA-Interim based CLaMS trajectories with superimposed small-
scale temperature fluctuations. Upper parfalsd): time series of water vapor mixing ratios (color coded); vertical red lines: S1 and S2.
Lower panels: comparison between simulations (red) and measurements (black), namely FIRSEMRH (e) and MLS(c, f). Simulations

(red lines) in(c) and(f) have been smoothed and interpolated corresponding to the vertical resolution of the instrument. Blue dashed line
in lower panelgb, c, e, f} climatological mean water vapor profile. MLS data are interpolated to orbits 2010-01-18T00- @)
2010-01-24T01-22-07H) closest to Sodankyla.

beginning of the simulation. Within the first 48 h after the tuate more strongly, producing “jumps” between the ice and
start of the simulation, a significant enhancement in BSR in-STS class (compare dashed lines in Fg). Even though
dicates the formation of a cloud. At~ 17.5days, temper- instrumental noise and the lower resolution might be an ex-
atures become low enough to permit first NAT nucleation planation for this behavior, COBALD measures large fluc-
on preexisting particle surfaces. NAT number densities oftuations in BSR, which suggests changes in the underlying
10-3 cm3 lead to a small but visible increase in BSR. With cloud composition, too. A profound anti-correlation between
decreasing temperatures, STS particles grow through uptakihe profiles of BSR and $D (black lines in Fig.3b and

of H2O (as shown by the slightly decreasing water vaporFig.4b, respectively) strengthens the reliability of the two in-
mixing ratios in Fig.4) and HNG; (Fig. 7) from the gas  dependent measurements. Enhancements in BSR and a cor-
phase and contribute significantly to a continuous increaseesponding depletion in the vapor phase, both strongly lay-
of BSR. The onset of clearly reduced water vapor mixing ered, suggests an ice cloud. The small color bar next to the
ratios shortly before the point of observation is shown in vertical profiles denotes the results from the CALIOP parti-
Fig. 4 and marks the formation of ice particles. The com- cle classification scheme and supports the existence of dis-
parison between simulated vertical backscatter profiles (red)inct layers of ice embedded in a broader liquid PSC. A de-
with those measured by COBALD (black line in Figb) tailed discussion of the BSR and water vapor measurements
shows a reasonable agreement. However, small-scale strutegether with a presentation of both within the same plot can
tures of enhanced BSR seen by COBALD are only partlybe found inKhaykin et al.(2013. Simulated ice number den-
reflected and BSR values stay below the maximum detectedities in the core of the cloud lie between®@m=2 and

by COBALD. BSR values as large as 200 (at 870 nm) may10-2cm~3, leading to a maximum BSR at 532 nm of almost
be simulated by choosing a slightly different phase of a fluc-7. In Fig. 3a, downwind of S1, homogeneous ice nucleation
tuation as seen in the presentation of the ensemble runs bsets in and higher ice number densities between 0-£@nd

low. As Fig.3c shows, CALIOP measurements (black line) 1 cm3 are simulated. Those high number densities cause an
are represented extremely well. Simulasgglosoivalues are  increase in BSR by a factor of 3.5. The part of the ice cloud
enhanced in the same altitude region as in the CALIOP obwith the highest BSR values is followed by a tail of moder-
servations, but values éferosoimeasured by CALIOP fluc- ate BSR upon warming, whereas elsewhere BSR values are
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Fig. 5. Results from the microphysical column model ZOMM driven by ERA-Interim based CLaMS trajectories (17—-19 January 2010).
Vertical red line: S1. Top panels: ERA-Interim temperatures (temperature correction applied) shown as absolute temperature (left panel) and
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nucleation and superimposed temperature fluctuations. Homogeneous simulations include homogeneous ice nucleation and NAT nucleatiol
on preexisting ice particles only. Heterogeneous model runs also include heterogeneous ice and NAT nucleation on foreign nuclei.

much smaller. This tail consists of NAT particles (see B)g. evaporate already 12 h after the FLASH-B observation and
that nucleated on the ice cloud, forming a NAT cloud of classa clear and permanent redistribution gf®becomes visible
“Mix2” and “Mix2-enh”, as first described bZarslaw et al.  att ~ 18.5days in Fig.4a, and it remains visible until the
(19983. end of the simulation.

The magnitude of the $D reduction in the gas phase ob-  Close to the second observation, temperatures drop again
served by FLASH-B is roughly captured by the simulations. and reach values almost as cold as on the 17 January. How-
Again, fine-scale structures are not reproduced by the modetver, the reduction in 50 prevents the formation of ice
(Fig. 4b). The resolution of MLS is too coarse to capture the clouds in the model, except at levels above 520K. Also
local reduction in HO at this time (Fig.4c). Ice particles the magnitude of BSR from COBALD (20 at 870 nm) and
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CALIOP (3 at 532 nm) would not suggest an ice cloud. Val- file of S1 (compare SecR.3 and Fig.2) and provide the
ues of BSR remain smaller than they were on 17 Januarypasis for all four simulations. The simulated profiles at S1
and CALIOP observations suggest a predominantly liquidand S2 can be seen for each scenario in Etpgether with
cloud with few embedded NAT particles. The NAT signal the observations. Figuré will be explained and discussed
is partially obscured by the strong STS signal (Bf). The in detail in Sect4.2 The first scenario (Figh, 1st column),
comparison between modeled and observe@ keveals that  which accounts only for homogeneous ice nucleation, cannot
even though the model captures signatures of de- and rehyexplain the observations at all. Supersaturations with respect
dration, the vertical extent of the dehydrated air remains todo ice remain too small and since no ice particles form, NAT
small in the simulation. The simulated maximum reduction particles cannot form either. The second scenario §;ignd
in water vapor of 1.4ppm at 514K is almost as large as ob-column), which includes heterogeneous nucleation of ice and
served by CFH. However, the dehydrated region is smaller ilNAT particles according t&ngel et al.(2013 and Hoyle
vertical extent and ranges only from 485K to 525 K. A pos- et al. (2013, changes the model results completely. Ice su-
sible explanation of the underestimated vertical extent of depersaturations are sufficient for heterogeneous nucleation of
hydrated air in the simulation might again be the tempera-10-2 cm~3 ice particles. Within a short time, these particles
ture profile. Figureb shows that ERA-Interim temperatures grow to sizes> 12 pym in radius. With a settling velocity be-
are also too warm compared to the observation at the top ofween 100 mh' and 200 mh?, ice particles can sediment
the sounding, which prevents the formation of ice particlesup to 2km before evaporation. The third scenario (FEig.
above 525 K. The resulting availability of2@ at high alti-  3rd column) shows that the superposition of small-scale tem-
tudes offers the possibility for ice formation on the 23 Jan- perature fluctuations on the synoptic trajectories leads to ice
uary 2010 in our simulation, whereas CALIOP observationsformation even in the homogeneous freezing case. However,
documented the last ice clouds in the vortex on 21 Januaryhis result does not agree with the observations, because the
(Pitts et al, 20117). nucleation of high ice number densities (between 1¢and
Whereas ZOMM underestimates the vertical extent of the10 cn3) prevents the growth of ice particles to sizes which
dehydrated air, it overestimates the dimension of the rehycould sediment fast enough to achieve a satisfying agree-
drated signature. This is related to uncertainties of th® H ment with the water vapor observations (maximum sedimen-
profile used to initialize the model and/or to wind shear (hor-tation distances of only a few hundred meters). The final sce-
izontal shear is unimportant due to the constraint of the ro-nario (Fig.5, 4th column) includes both heterogeneous nu-
tating air in the vortex, but vertical shear is significant). The cleation and superimposed small-scale temperature fluctua-
column model is rigorously mass-conserving. However, in-tions. The inclusion of heterogeneous nucleation in this sim-
dependent of temperatures and the nucleation mechanisnujation causes NAT to form prior to ice. Consequently, those
ZOMM cannot simultaneously reproduce both, the de- andNAT particles are assumed to be enclosed by ice and redis-
rehydration signatures observed by CFH relative to the astributed by the subsequent growth and sedimentation of the
sumed initial BO profile. Inspection of Fig. 2 oKhaykin ice particles. We will discuss this point further below. Addi-
et al. (2013 reveals the day-to-day variability between the tionally, the nucleation of ice particles starts earlier than in
individual water vapor profiles. Whereas the agreement beall other cases and the fluctuations enable a larger ice cloud
tween the measurement and the mean values is almost perfeatea to be generated.
in undisturbed air masses below 450K on 22 January 2010,
there is variability on 17 and 23 January 2010. A different
initial profile on these days could be consistent with mass
balanced profiles in the observations. Nevertheless, such pro-
files remain speculative and we refrained from changing the
initial profile for model improvement, while the observed Figures3-5show the comparison between the measurements
profiles could be affected by wind shear. A three-dimensionaland the ZOMM calculations for one particular set of small-
treatment of the wind fields, which also includes wind shearscale temperature fluctuations. The properties of the NAT and
and mixing of air masses, would be required (but with such aice clouds depend on the exact cooling rates at the moment
model, additional uncertainties would be introduced and theof the nucleation of the NAT and ice particles, because this
detailed microphysics could hardly be tested). These issuedictates the nucleation rates. This happens at the place of
hardly impact the results for S1 during the short (2-day) run-cloud formation somewhere upstream of the measurements
up of the model, whereas they clearly affect S2. Neverthelessand is, in principle, unknown to us. At best we have an idea
the different scenarios discussed in the subsequent paragrajpii the statistical nature of the small-scale temperature fluc-
and presented in Fié and Fig.6 are robust and allow clear tuations, which determine the cooling rates and thus the re-
conclusions. sulting cloud morphology. Therefore, ensemble calculations
Figure5 compares simulations using four different scenar- applying different sets of small-scale temperature fluctua-
ios. The top panels show ERA-Interim temperatures, whichtions need to be performed in order to retrieve the depen-
were corrected according to the measured temperature pratence of PSC properties on the stochastic effects caused by

4.2 Ensemble calculations for stochastic impact of
temperature fluctuations
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Fig. 6. Comparison between measured and simulated profiles of backscatter ratios (BSR) for S1 (upper row) and water vapor mixing ratios
for S2 (lower row). Mixing ratios are expressed as deviation from the climatological mean water vapor profile. The four different model
scenarios are the same as in FgBlack line: COBALD (upper row) and CFH (lower row) measurements. Gray shaded area: variations
caused by different small-scale temperature fluctuations modeled by an ensemble with 10 members. Red line: model results for the bes
fluctuation member shown in Fig3-5. Dashed line: model results obtained without temperature correction (as shown 2. Fig.

the fluctuationsCirisan et al(2013 have performed similar  signature of two layers of dehydration (red curve in 3rd
calculations for cirrus clouds. column). Taken together, heterogeneous ice nucleation and
Figure 6 presents a comparison of profiles of BSR and superimposed small-scale temperature fluctuations combine
AH20 for various scenarios with and without heterogeneousthe improvement in terms of BSR values with clear signa-
nucleation and with 10 different sets of small-scale temper-tures of de- and rehydration, which agree well with the mea-
ature fluctuations. BSR profiles for 17 January are presentedurements (red curve in 4th column). Particular choices of
in the upper four panels\H,0 profiles for 23 January are fluctuations can generate BSR values as large as the spikes
shown in the lower four panels. The model results, whichobserved by COBALD during sounding S1. This demon-
have already been described above and shown in Bi§s.  strates that different fluctuations generate different ice num-
correspond to the red curves while the other nine memberder densities, and this in turn leads to different backscatter
are shown as gray shaded areas. The red curves also repmtios and dehydration strengths. In passing we note that the
sent the particular member which produced the best agreespikes in BSR observed during S1 represent onsets of wave
ment with the measurements in terms of dehydration. ice embedded in a synoptic ice cloud. The spikes contain
As expected, no signatures of de- or rehydration are visibldce crystals in high number density, which cannot grow to
if only homogeneous ice nucleation and synoptic-scale temiarge sizes and thus cannot explain the vertical redistribu-
peratures are applied. The lower row shows that an improvedion of water observed about a week later. Therefore, those
agreement between CFH and the simulation can only beensemble members which represent the highest BSR mea-
achieved if heterogeneous ice nucleation or small-scale temsurements best lead only to shallow dehydration. Rather, it
perature fluctuations are included, or both. However, wheris the synoptic-scale ice with moderate ice number concen-
heterogeneous nucleation is included but not the small-scal&ations and therefore moderate BSR values which cause the
temperature fluctuations (2nd column), modeled values oimost efficient dehydration. This is reflected in the CALIOP
BSR remain too small in comparison with COBALD BSR measurements. Vortex wide, 65 % of the CALIOP measure-
values. Conversely, combining homogeneous nucleation anchents, which have been classified as ice accordirgitts
the superposition of small-scale temperature fluctuations imet al. (2011), have BSRs smaller than 10. BSRs of less than
proves the modeled backscatter, but generates an irrequl&0 have been observed in 89 % of the data collected on 17
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and 18 January 2010. However, a certain scatter of BSRs stilbf the falling particles is composed of water molecules. Af-
exists, possibly originating from temperature perturbations,ter the ice has evaporated, NAT particles are released and
much like what is seen in the model results when a range ofvould have the chance to denitrifiy the air, if they could sur-
temperature fluctuations is used. vive long enough to grow. However, the air warms rapidly
Finally, to demonstrate the need for the temperature corfrom T < Tyost t0 T > TnaT (S€€ Fig.l) and does not stay
rection depicted in Fig2b and c, we included, as dashed in the intervalTyar — 5K < T < Tnar — 2K, which is most
black lines in Fig.6, model results based on the origi- efficient for denitrification Yoigt et al, 2005, for a suffi-
nal ERA-Interim trajectories with and without superimposed cient amount of time. The resulting denitrification signal in
small-scale temperature fluctuations. The only simulationFig. 7b shows redistributions of HN§over small height dif-
which produced any dehydration signal is the one combin-ferences, but no strong, coherent denitrification. This impres-
ing heterogeneous nucleation with temperature fluctuationssion is independent of the nucleation scenario or the phase of
However, the modeled dehydration is much smaller than thathe temperature fluctuation and, thus, very robust. Instead,

observed. the strong denitrification of the Arctic winter 2009/2010 oc-
curred during the first half of January, that is, before the onset
4.3 Relevance for denitrification of synoptic-scale ice clouds, and was likely caused by NAT

clouds downwind of mountain wave ice PSCs, which can act

Denitrification plays an important role in ozone loss by slow- as mother clouds for so-called NAT rockaugglistaler et a.
ing the conversion of chlorine radicals back into reservoir2002. Evidence of this can be seen in the Odin/SMR and
species. This process may cause an enhancement of ozoAeira/MLS satellite measurements of HY&hown in Fig. 3
destruction and can lead to increased accumulated ozonef Khosrawi et al(2011J). In the beginning of January 2010,
losses over the course of the winter (eMyiller et al, 1994). gas phase mixing ratios of HNQlecreased significantly at
Denitrification is particularly important in the Arctic with high altitudes and remained low until the end of February.
its warmer temperatures (e.ghipperfield and Pylel998 Below 50 hPa, a concurrent HNGncrease is visible in the
and severe denitrification has been a major factor in bringingdata, which allows the conclusion that a permanent, verti-
about the record ozone loss in the Arctic winter 2010/2011cal redistribution of HN@ may have taken place. Minimum
(Manney et al.2011, Pommereau et al2013. values of gas phase HNQvere observed by Aura/MLS in

Recent observations suggest the possibility of heterogethe second half of January at the same time than CALIOP
neous ice nucleation on preexisting NAT particlegts etal.  confirmed the existence of synoptic-scale ice clouds. How-
(2017 observed an increase in synoptic-scale ice PSCs conever, the renitrified layer below showed no further increase
comitant with decreasing number densities of NAT mixturesin HNOgz. Instead, HN@ mixing ratios above 50hPa in-
in January 2010. Such a process would imply that the sedicreased again with proceeding time and increasing tempera-
mentation of ice particles not only dehydrates but also denitures. Hence, we expect denoxification and no additional de-
trifies the stratosphere due to the removal of HINKhos- and renitrification at this time in the winter. Recent CLaMS
rawi et al. (2011 investigated this hypothesis and offered simulations show a similar picture with HNGluxes largest
ice nucleation on NAT particles as a possible explanation forin the first half of JanuaryGroof3 et al.2014. For this rea-
the low HNG; observations by the Sub-Millimetre Radiome- son, we cannot confirm the suggestion Kigosrawi et al.
ter (SMR) aboard the Odin satellite and Aura/MLS during (2011), namely that the observed denitrification was linked
the same winter. However, the present modeling study reto ice particle formation on NAT during the synoptic cool-
veals that dehydration and denitrification are not necessaring event in mid-January. This case study indicates that the
ily related to each other. The observed case does not signifieonditions that led to the observed dehydration in the second
cantly contribute to the overall denitrification for the follow- half of January 2010 would not support sufficient growth of
ing reasons. At the start of the simulations, before ice for-NAT particles to lead to significant denitrification.
mation, the nucleation of NAT on foreign nuclei accounts
for NAT number densities of 16 cm™3, but the effective
radius of NAT particles formed along the trajectories does5 Discussion and conclusions
not exceed 2 um. The amount of HYy@ondensing on these
NAT particles is negligible, namely less than 10 % of the to- Unprecedented de- and rehydration was observed above So-
tal available HNQ, while the major fraction of HN@ re- dankyla during the Arctic winter 2009/2010. Using a micro-
sides in the liquid droplets. This results in a depletion in thephysical column model, we were able to relate two unique
gas phase HN®(see denoxification in Figra) and decel- balloon soundings by means of trajectories, one showing the
erates the growth of the NAT particles (see Fig. Moigt redistribution of water from the gas phase into the ice phase
et al, 2005. Next, ice nucleates, partly on the preexisting without sedimentation, the second six days later showing the
NAT, and HNG; also co-condenses on the growing ice par- effects of gravitational settling and irreversible dehydration.
ticles, which sediment and dehydrate efficiently. However, To corroborate this interpretation we simulated the formation
the resulting denitrification is minor, as most of the massand sedimentation of the ice particles. Simulated water vapor
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profiles agree reasonably with CFH and FLASH-B carried tween ERA-Interim temperature fields and measured temper-
by the balloon sondes and with MLS satellite measurementsatures were found, which we needed to correct. Whereas So-
Optical T-Matrix calculations enabled the direct comparisondankyla, located at the edge of the cold pool, is characterized
of the simulations with COBALD and CALIOP backscatter by temperatures just belof st and is therefore very sen-
measurements. To this end, we examined the effect of smallsitive to the smallest of temperature changes, the CALIOP
scale temperature fluctuations and compared homogeneouseasurements show large areas deeper in the vortex with
vs. heterogeneous formation of ice particles. persistent synoptic-scale ice clouds. The observed dehydra-
It was demonstrated that heterogeneous nucleation of icon above Sodankyla, not only on 23 January but also a few
is essential to reproduce the observed de- and rehydratiodays earlier and later (as shown Kiaykin et al, 2013, is
signatures. Even though ERA-Interim temperatures along thenost likely caused by such large-scale fields of persistent ice
trajectories had to be lowered by up to 1.5 K in order to obtainclouds and not by the observed small-scale structures above
agreement with the temperatures measured by the sondeSpdankyld. The fact that the reduction in® measured by
temperatures stayed abo¥g,si — 3 K, which is the temper- CFH is not balanced by the rehydration layer below suggests
ature required for homogeneous nucleation of ice in ternanthat wind shear and subsequent mixing of air masses have
solution droplets. Small-scale temperature fluctuations addiaffected the observed profile. An accurate estimate of these
tionally lowered the temperature, caused higher supersatueffects can only be made using a three-dimensional modeling
rations and therefore enabled the formation of ice cloudsapproach.
even when homogeneous ice nucleation was the only allowed
ice formation pathway. However, homogeneous nucleation
at high supersaturations resulted in ice formation with theAcknowledgementsThis work was supported by the European
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