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Abstract. Satellite-based observations during the Arctic the observed PSCs are also represented extremely well under
winter of 2009/2010 provide firm evidence that, in contrastthese conditions.

to the current understanding, the nucleation of nitric acid tri-

hydrate (NAT) in the polar stratosphere does not only oc-

cur on preexisting ice particles. In order to explain the NAT 1 Introduction

clouds observed over the Arctic in mid-December 2009, a

heterogeneous nucleation mechanism is required, occurringh€ discovery of the Antarctic ozone holeafman et aJ.

via immersion freezing on the surface of solid particles, 1989 was rapidly followed by the recognition that polar
likely of meteoritic origin. For the first time, a detailed mi- Stratospheric clouds (PSCs), by providing the necessary sur-
crophysical modelling of this NAT formation pathway has face for heterogeneous halogen activation reactions, played
been carried out. Heterogeneous NAT formation was cal-2 central role in the observed ozone depletion @aomon
culated along more than sixty thousand trajectories, endet al, 1989. Solid PSC particles were detected at temper-
ing at Cloud Aerosol Lidar with Orthogonal Polarization atures well above the frost point, and it was proposed that
(CALIOP) observation points. Comparing the optical prop- these particles contained HNQ@Toon et al, 1986 Crutzen
erties of the modelled NAT with these observations enablec®nd Arnold 198§. Later, experimental work suggested that
a thorough validation of a newly developed NAT nucleation the composition could be that of nitric acid trihydrate (NAT)
parameterisation, which has been built into the Zurich Opti-(Hanson and Mauersberg&®88, and, more recently, obser-
cal and Microphysical box Model (ZOMM). The parameter- vational work, such as the balloon-borne mass spectrometry
isation is based on active site theory, is simple to implementheéasurements reported onMyigt et al.(2000, have shown

in models and provides substantial advantages over previoudat solid PSC particles observed above the frost point do in-
approaches which involved a constant rate of NAT nucleationde€d have bO and HNGQ stoichiometries consistent with a

in a given volume of air. It is shown that the new method is NAT composition.

capable of reproducing observed polar stratospheric clouds The formation of NAT particles sequesters reactive nitro-
(PSCs) very well, despite the varied conditions experienceden compounds from the gas phase, and because these par-
by air parcels travelling along the different trajectories. In aticles can grow to the large sizes necessary for rapid sedi-
companion paper, ZOMM is applied to a later period of the mentation (e.gSalawitch et al.1988, they cause denitrifi-

winter, when ice PSCs are also present, and it is shown thagation of the polar stratosphere. While it is mostly the lig-
uid particles in the polar stratosphere which are responsible

for the heterogeneous reactions leading to the activation of
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9578 C. R. Hoyle et al.: Heterogeneous NAT nucleation

the halogens (e.dMolina et al, 1993 Carslaw et a.1994 However, a study byPagan et al(2004) showed that dur-
Ravishankara and Hansoih996), the observed dimensions ing early December 1999, while the Arctic stratosphere was
of polar ozone loss are only reached because of this denitritoo warm for synoptic ice formation, there was also no ice
fication, which prevents deactivation of the halogens. PSC formation in mountain waves, ruling out nucleation on
Despite the importance of NAT particles in determining ice as a formation pathway for the NAT clouds observed dur-
polar ozone loss, an exact formation mechanism of theséng this time periodDrdla et al.(2003 presented modelling
particles has remained elusive (eRgeter and GrogR012. work which also suggested that a NAT formation mechanism
Initially it was proposed that NAT could crystallise out ho- above the frost point is necessary to explain observed denitri-
mogeneously in liquid stratospheric aerosol dropletslina fication in the 1999-2000 Arctic winter. Several other stud-
et al, 1993 Beyer et al. 1994 Iraci et al, 1994). Later, ies also exist, where constant NAT nucleation rates have been
however, laboratory experiments, using 23csolution vol-  applied to model NAT formation irrespective of the presence
umes, showed that the homogeneous nucleation rates afr absence of ice. Using balloon-based measurements car-
NAT in liquid ternary (HbSOs/HNO3/H>0) solution droplets  ried out in the Arctic in December 200Rarsen et al(2004)
were far too low to lead to the observed formation of suchfound that observed PSC properties can be reproduced by ap-
PSCs in the polar stratosphetéopp et al, 1995. The up-  plying the surface nucleation rate Tdbazadeh et a{2002),
per bound thakKoop et al.(1995 determined for homoge- reduced by a factor of 10-20, to calculate NAD (nitric acid
neous NAT nucleation corresponds to an air-volume-basedlihydrate) formation from liquid aerosol, followed by instan-
rate of Jyam O "UPPe_ 1 8 x 10-10cm3airh~?, assuming  taneous transformation of NAD to NAT. The rate they de-
typical stratospheric aerosol particle sizes and number dertermined corresponds to an air-volume-based ratéygf
sities. This results in NAT particle number densities lower = 2.5x 10->cm~3airh~1. The air masses which they ob-
than 107 cm~2 when an air mass is cooled beld@war, the  served had not been exposed to synoptic temperatures be-
temperature below which NAT is thermodynamically stable, low the frost point, and there was no mountain wave activity;
for one week, a period conceivable for the Arctic. Number therefore NAT formation on ice could be ruled out, however
densities of NAT would still remain below 16cm3, even  heterogeneous nucleation on other types of solid particles
if air was belowTnar for 4 months, as might occur in the could not be excluded.
Antarctic. Such low number densities neither result in effec- More recently,Voigt et al. (2009 reported aircraft ob-
tive denitrification, nor are they measurable. Subsequent exservations of low number densities of NAT particles in
periments by the same authoisnppf et al, 2002, using  air masses which had been Bt> Tyatr + 10K some 24—
microlitre size solution volumes, determined an upper bound36 h before the measurement and then cooled\gr >
of JI{]X;I:IVOLUPDEI‘: 3x _‘]_0_10 Cm_3 airh_ly Confirming the re- T > Tice + 3K for a periOd of less than 20h before the
sults ofKoop et al.(1995. measurement. In order to explain these observations, they

Later,Biermann et al(1996 showed, based on bulk sam- suggested that NAT may also nucleate heterogeneously on
ples of ternary solution containing solid meteoritic nuclei, the surface of meteoritic dust particles. Because the time
that these nuclei could at best havg Treezing times of ~ below Tnyar could be well constrained (20h), they were
around 20 months. While these authors aimed at excludingiblé to estimate a volume-based NAT nucleation rate of
meteoritic material as responsible for denge-(0.1 cm3) Insr®' =8 x 10-6 cm~3airh~2, reproducing their observa-
NAT clouds, their derived upper bound corresponds to an airtion of NAT number densities of 1.6 10~ cm~3. While
volume-based rate OISZPI_VOI,upper: 7% 10-4cm3airh?! this rate reproduced the observed number densities, because

(assuming a stratospheric smoke surface area density &if the limited measurement data, it was not possible to de-

servable NAT clouds. ature decreases belofgar. It was argued byoigt et al.

In contrast, the nucleation of NAT on ice is very certain (2009 that the heterogeneous NAT nucleation rates on mete-

and has been demonstrated in the laboratory and in the fieldritic material measured tgiermann et al(1996, while too
Through a combination of observations and microphysicallow to be responsible for dense NAT clouds, might actually
mode”ing’ Carslaw et a|(199& and Wirth et al. (1999 be sufficient to produce low NAT number densities within
showed that NAT can form on ice particles in the atmosphere@ few hours. Since the nucleation rates publishedlzy-
suggesting that nucleation of NAT on ice is very efficient mann et al(199§ were upper limits and the real rates might
and most likely occurs via deposition nucleation on surfaced?€ considerably smaller, the suitability of meteoritic dust re-
of ice which are not covered by a liquid coating. Via the Mains an open issue, which calls for further investigation.
so-called “mother cloud/NAT-rock mechanisnfyeglistaler ~ AlSo for the Arctic winter of 2002/2003GrooR et al.
etal.(2002 developed a potential mechanism by which NAT (2009 found that using a constant volume-based rate of

particles initiated by patchy mountain wave ice clouds are/¥ar =8> 10 6cm3airh! in CLaMS (Chemical La-
distributed vortex-wide. grangian Model of the Stratosphere), led to the best agree-

ment between modelled and observed PSC properties and
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Table 1. NAT nucleation rates from previous studies, as describeding experienced temperatures below the frost poRittg
in the text. All rates except fof (Snar) are air-volume-based, and et al, 2011). In the present study, this observational data set
lead to NAT nucleation as soon as the temperature drops beloys ytilised to develop a physically based parameterisation for

TNAT - NAT nucleation on solid, non-ice particles. The advantage of
- using such satellite-based lidar observations is that they cover
Nucleation rate Reference a large area of the Arctic vortex, and when back trajectories
Jhomvolupper_ g g 1010 cm~3 airh~1  Koop et al.(1995 are calculated starting from the observations, a range of air

parcel histories are found, allowing the development of a ro-
bust parameterisation, which represents NAT formation in air

JPomVOLUPPer_ 3 1010 cm~3 air bl Knopf et al.(2002

JEEVOLUPPEr_ 7 0 104 cm3airhl  Biermann et al(1996 reaching different supersaturations with respect to NAT, for
IO =2.9% 1076 cm~3 air h~? Carslaw et al(2009 different lengths O_f time. ) ) _

vol Y | In the next section, the observational data set is described,
INaT = 25> 1077 em™= air Larsen et al(2009 as well as the models which were applied, and the new NAT
Jﬂ,‘i‘T"o' =80x10%cm3airh?! \oigt et al.(2005 nucleation parameterisation. In Se8t.the results of mod-
2O =80 1076 cm~3 air -1 GrooR et al(2005 elling NAT formation with t_he new parametensatl(_)n are pre-

hetvol 6. a1 _ sented and compared with a constant nucleation rate ap-
Inar - =9.0x 107 cm™=airh This work" proach, and in Sec# we provide a summary and conclu-
I8 = f(SnaT) This worlé sions of the study. In a companion paper (PaE2gel et al,

1 , . ) , 2013 the role of heterogeneous nucleation in ice formation
The volume-based nucleation rate used in this work, for comparison with the newly

developed parameterisation. is discussed.
2 The newly developed parameterisation presented here is not air-volume-based,
and allows for a saturation dependence of the NAT nucleation rate.

2 Observational data and model description

denitrification throughout the winter. A domain-filling, La- 2.1 The CALIPSO observations
grangian particle trajectory model was useddarslaw et al.
(2002 to simulate the characteristics of NAT particles in the The CALIPSO satellite was launched in April 2006, and in-
Arctic stratosphere in January—March 2000. They also usedludes the Cloud Aerosol Lidar with Orthogonal Polariza-
a simple volume-based NAT nucleation rate, and found thation (CALIOP) as its principal instrument. CALIOP mea-
the observed particle sizes were well reproduced when a ratsures backscatter at two wavelengths, 1064nm and 532nm,
of JNQr = 2.9x 10-6cm~2airh~! was used. While the ap- using the 532nm signal to measure the depolarisation of the
parent patchiness of wave ice clouds was first taken as abackscattered radiation relative to the plane-polarised light
argument against their effectiveness in NAT nucleation, laterof the outgoing laser beam. With its high-latitude coverage
more detailed vortex-wide simulations by the same authoraup to 82°, CALIOP has provided extensive observations of
showed that this mechanism could potentially indeed explairPSCs in both hemispheres since its launch.
up to 80 % of the observed denitrificatidddnn et al, 2005. In order to derive and test the new NAT nucleation param-
Davies et al(2005 simulated Arctic denitrification using a eterisation, the CALIOP observations made over the Arctic
combination of a Lagrangian particle model and the chem-in December 2009 are used. During the second half of De-
istry transport model SLIMCAT. They compared the mod- cember 2009, stratospheric temperatures were slightly below
elled denitrification with HN@ measurements from satellite- Tyar and patchy areas of PSCs were detected on a daily ba-
and aircraft-based instruments, and found reasonable agresis. The vortex average temperatures were several degrees
ment for several winters, when using the same NAT nucle-aboveTs st (DOrnbrack et al.2012, and, additionally, there
ation rate agCarslaw et al(2002. However, for the win-  were no observations of ice clouds during this period. In
ter of 1994/1995, they found that in order to reproduce theFig. 1, the minimum temperatures with respect to the frost
observed denitrification, this nucleation rate needs to be inpoint, along all trajectories used in the analysis here (as de-
creased by a factor of 4, highlighting the need for physically scribed in Sect.3and3), are shown. Even the lowest tem-
based nucleation rates. The various air-volume-based NAperatures along these trajectories are 2.5K above the frost
nucleation rates from previous studies are summarised in Tapoint, while the peak of the distribution is at approximately
ble 1. 5K above the frost point. Considering that temperatures ap-
During December 2009, space-borne lidar measurementproximately 3K below the frost point are required to homo-
conducted from CALIPSO (Cloud-Aerosol Lidar and In- geneously nucleate ice, even accounting for small-scale tem-
frared Pathfinder Satellite Observations), showed a situatiomerature fluctuations, the probability of undetected ice clouds
where thin and patchy liquid-NAT mixed clouds of unprece- having occurred is extremely low. This set of observations
dented dimensions (typically 1062000 knf) were present  and model calculations therefore supports the existence of a
in air masses in the Arctic, despite these air masses not haiNAT nucleation mechanism which does not require an ice
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2000 [T T clouds (e.gHoyle et al, 2005 Brabec et al.2012. In the

3 1 latter two studies, a slightly different version of the model
was used; however the only significant difference is that the
stratospheric version of the model simulates the evolution
of a population of ternary solution aerosol dropletsCH
H>SOy, HNO3) and their interaction with the gas phase,
whereas the tropospheric version accounts for a binag@(H
H2SOy) solution.

The most prominent feature of the model is that it treats
particle sizes in a Lagrangian scheme; i.e. the model follows
I 1 the radii of growing/shrinking particles and creates a new
ol ] size class each time there is new ice or NAT particle nu-

2 3 4 5 6 7 8 cleation. The model then transports the liquid, NAT and ice
T—Thost [K] particles size classdownstream with time-dependent radius
r; (t) and constant number density,. The Lagrangian size
Fig. 1. A distribution showing the minimum temperature reached {regtment avoids numerical diffusion, which may lead to ar-
along each trajectory, with respect to the frost point. Trajectoriesyisiciq| redistributions of particle number densities on a fixed
were calculategl bac_k in time from pc_nnts e_llong the CALIPSO orbit Eulerian size grid with fixed bins.
path, as described in Se@.3 All trajectories used to model the The model is initialised with a log-normally distributed
PSC properties along all orbits in Se8tare included in the figure. . . .
population of solution droplets, which represent the back-
ground aerosol. This initial distribution is calculated given

surface. On 31 December. mountain wave ice clouds weré User-defined mode radius, number density and standard de-
first observed, followed by a dramatic increase in observa-¥iation, and in this study consisted of 26 radii. The initial
tions of NAT-containing clouds, marking the end of the pe- COmMposition of the droplets is calculated assuming thermo-
riod when the NAT PSCs can be considered to have formedlynamic equilibrium with the gas phase and accounting for
without the presence of ice particles. the Kelvin effect of the various species. The total mixing ra-
In the analysis here, we make use of the PSC classificatioff0S 0f 2O, H2SOs and, in the PSC version, HNOare set
system ofitts et al (2009 2011), which assigns the detected 1N the input file and are assumed to remain constant for the
clouds to one of six categories (STS, Mix1, Mix2, Mix2-enh, whole S|_mulat|op along_a trajectory (i.e. neglecting mixing
ice, wave ice), depending on the backscatter and depolar2nd particle sedimentation). o .
sation signals. Though not identical, this classification sys- "€ model is run along a trajectory consisting of a time
tem is similar to the previously used PSC types, namely 115€"1€S of temperature and pressure data points, and after the
(STS), 1a (Mix1, Mix2), 1a-enh (Mix2-enh), and 2 (ice and initialisation, the aerosol droplet sizes are allowed to evolve
wave ice). For the NAT classes, Mix1 includes NAT num- freely in radius space, and are no longer restricted to a log-
ber densities of less than approximately 36m3, Mix2 in- normal form (sed/eilinger et al, 1995. As the temperature
cludes NAT number densities between about3@n-23 and  decreases, growth of the aerosol droplets is calculated, fully
0.1cnt3. while Mix2-enh includes NAT number densities of Kinetically for all species, whereby the Kelvin effect is ac-
above 0.1 cm3. counted for in calculating the vapour pressures of the indi-
The PSC detection limit of CALIOP is altitude dependent vidual species over the droplet surfaces. Latent heat effects
(Pitts et al, 2009, and we treat the modelled data in a similar Of condensation and evaporation (or freezing) are not ac-
way. If the modelled or observed values at a particular pointcPunted for in the PSC version of the model; however given
are below the detection limit, then a larger horizontal averag-th€ small mixing ratios of matter which condense or evapo-
ing distance is applied. Thus, for the observations, if no PSC@t€ (& few ppmv for HO and a few ppbv for HNg) in the
is detected over 5km, the horizontal resolution is decrease@©lar stratospheres, this does not impart any significant un-
(i.e. the averaging distance is increased) to 15km, then 45 krsertainties to the calculations. Accommodation coefficients
and 135km. The highest resolution for the modelled data iO" the uptake/evaporation of species from/to the gas phase
25km (the resolution of the grid from which the trajectories Were setto 1.0, for liquid and for solid particles. B
used by the model were started), and if no PSCs are detected A schematic representation of the modelled composition

at a point then the averaging distance is increased to 125knfnd phase changes of PSCs as a function of temperature is
shown in Fig.2. Pathways previously represented in ZOMM

2.2 The microphysical box model are marked with dashed arrows; those which have been added
for this study are shown by solid arrows. At temperatures
The Zurich Optical and Microphysical box Model (ZOMM) above about 200K, supercooled aerosol droplets exist as
used in this study has been applied to simulate PSCs (e.@ quasi-binary HO/H,SOy solution. Upon further cooling,
Meilinger et al, 1995 Luo et al, 2003 as well as cirrus HNOg is taken up to form a supercooled ternary solution

1500 -

1000 -

Number of trajectories

500 F
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~ HSO0,/HO considereday ice is defined as the ratio of theo@ vapour
T[K] liquid sulfate aerosol pressures over ice and pure water, and its value is given by
N B8 Zobrist et al(2011), based orKoop et al.(2000, as
215 —t mmmmm - > O === ;
» i i @ Aw,ice =
T ! —210368-1314387+3.32373<10°/ T+417291xIn(T)
I
196 4 Tor ! é exp{ - 8.31441xT ) ©®
I
v A NAT*SBS whereT is the absolute temperature in Kelvin. The expected
I . . .
192 = T, O STS €------ :l number density of ice particleaie) nucleated from mod-

t

| ' elled liquid droplets with number densibyig and volume
188 — T, i 7N ﬂmﬂ]} s vjig can be calculated by

lce + STS A h
8= remmmmmmmmmeee I lce + NAT + SBS Nice = Nliq (l - eXp( - / Jicgmvliq dt)) . (4)

4]

Fig. 2. A schematic description of the different pathways included

in ZOMM. The dashed arrows depict processes which were rep- |nstead of forming a new Lagrangian ice particle size class
resented in previous model versions; the solid arrows show thosgq, every droplet size class, in every time step, which would
added to the model for this studfge, denotes the dew point, i.e. pa computationally impractical, the number of nucleated ice

S ) yarticles in each droplet size class is accumulated until this
tures indicated fofgew, Tirost aNdTNAT are approximate, based on i?r)lumber exceeds eitﬁerx]].('ﬁs em=3. or half the number
typical polar stratospheric conditions. Foreign nuclei are indicated ’

by the black triangles. While here the focus is on the heterogeneougienSIty OT dropl_ets in th_at S'Z_e class, or half of_the total num-
nucleation of NAT (thick black arrow), the heterogeneous nucle-P€er density of ice particles in the model, whichever of the
ation of ice (thin solid black arrows) is discussed in a companionthree criteria is satisfied first.
paper Engel et al. 2013. The heterogeneous nucleation of NAT  After ice is nucleated in a liquid size class, the number of
occurs in STS aerosol droplets which contain a foreign nucleus (tri-frozen droplets calculated using Ed) (s transferred from
angle surrounded by circle on the upper right of the figure), afterthe liquid size class to the new ice size class. All ice particles
the nucleation of NAT and as the air parcel continues to cool, ajn g particu|ar size class thus have the same radius, and this
supercooled binary solution (SBS) coating, consisting 0Hnd  radius increases as the ice particles take up water in compe-
H250Qy, is present on the NAT particle. tition with the remaining liquid droplets. Upon warming, the
evaporation/sublimation of species from the solid particles is

(STS). In the absence of solid nuclei, ice may nucleate homo_calculated, until eventually a concentrated solution droplet is

geneously in the STS droplets when temperatures decreaserﬁleased and the number of particles is transferred back from
few degrees below the frost point, and NAT can then formthe ice size class to the liquid size class from where it origi-
on the surface of the ice particles. Alternatively, if foreign Nat€d-

nuclei are pr_esent (as |_nd|cate_d by the black trlangles),_ the)é.z.2 NAT formation

may lead to ice nucleation at higher temperatures than in thé

homogenepus casEngeI etal.2013, or, as shqwn here, FO Until now, NAT formation in ZOMM was only permitted via

.the formauon of NAT in the absence of ice (thick black line deposition nucleation on clean (uncoated, dry) surfaces of ice

in Fig. 2). particles. The method used was thoroughly describddioy

et al.(2003; a summary of this description is provided here.
Ice particles in the atmosphere are generally coated in a

The homogeneous nucleation rate coefficient for the formalayer of liquid solution; however there may be dry patches

tion of water ice,J"%™, is calculated based on the tempera- ON the particle, where the ice interacts directly with the gas

2.2.1 Homogeneous ice nucleation

ture and the water activity in the droplet according to phase. In rapid cooling events, the supersaturations with re-
spect to NAT in the gas phase can grow to much larger val-

Jiggm =10°cm 3571, (1) ues than in the liquid due to non-equilibrium effects, favour-
ing deposition nucleation on these exposed clean ice surfaces

where (Luo et al, 2003. The area of the dry patches was deter-

D = —906688+ 850228 — 269244x2 + 291796x% (2) mined by assuming a minimum thickness of the liquid layer
of 285 x 10-8 cm (approximately 10 monolayeiistio et al,

andx = ay lig —aw,ice iS the water activity in a droplet:, jiq) 2003, and calculating the resulting surface coverage of the
minus the water activity in a solution which would be in equi- actual volume of liquid available to form the layer on the
librium with ice (aw.ice) at the particular temperature being solid particles. The NAT nucleation rate coefficient on the
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dry area of the ice particles was calculated based on the clag.2.3 Extension to heterogeneous NAT nucleation and

sical nucleation theory for the heterogeneous nucleation of heterogeneous ice nucleation on foreign nuclei
water ice, using EqX5):
, The microphysical box model has recently been extended so
hetice kT AFyise (T) . . X g
Iyar (T) = —exp| — ——— that in addition to homogeneous nucleation of water ice, and
h kT

heterogeneous nucleation of NAT on the surface of ice par-
y nexp[— AG(T)fhet(“)} (5) ficles, it now includes the heterogeneous nucleation of ice
kT on foreign nuclei as well as NAT formation on foreign nu-
whereT is the temperature in Kelvitt,andi the Boltzmann ~ clei (both in the immersion mode). These two new nucle-
and Planck constants respectivelyjs the number density ~ation pathways are based on the active site parameterisation
of HNOs molecules on the ice surface (cax20cm2, at of Marcolli et al.(2007). As foreign nuclei, a monodisperse
high NAT supersaturations; sébbatt, 1997, A Fgir is the ~ population of solid particles with radii of 20nm and with a
temperature-dependent diffusion activation energy which hagumber density of 7.5cr? is assumed. Measurements re-
to be surmounted for 2-D diffusion of HNQo take place on  ported byCurtius et al.(2009 show that during January to
the surface of a preexisting foreign nucleus (here the ice)March 2003 approximately 67 % of aerosol particles in the
andG is the Gibbs free energy for the formation of a critical Arctic polar vortex contained non-volatile residuals, while
NAT embryo in the absence of the foreign nucleus, i.e. outside the vortex the value was much lower, at approxi-
» 3 mately 24 %. Similar values (between 30% and 70 % de-
@L, (6) pending on altitude above the tropopause) are reported for
3 [kTpIn(Snar)]? meteoritic particles in aerosol bylurphy et al.(200%), for
In Eq. (6), m is the molecular mass of NAF, is the surface  mid- to low latitudes. During the RECONCILE (Reconcil-
energy of NAT, andSnar is the NAT saturation ratio. The iation of essential process parameters for an enhanced pre-
presence of the foreign nucleus reduges by the compati-  dictability of Arctic stratospheric ozone loss and its climate

AG(T) =

bility factor fhet, defined as interactions) campaign, values of up to 80 % were found (von
1 Hobe et al., 2013). The value used here, of 7.5¢merosol
Jhet(@) = 2 (2+ cosy) (1 — cosy)?, (7) particles containing foreign nuclei, corresponding to 50 % of

the total aerosol, was chosen as a conservative estimate. As

whereu is the contact angle, a parameterisation of the heterogjiscussed below, only a small fraction of these nuclei actu-
geneous nucleation activity of the foreign nucleSsiffeld g1y participate in the NAT nucleation; therefore there would
and Pandis2008. The possible values far range between oy pe a significant effect on the results presented here if a
0°and 180°, leading to values gfet between O and 1;i.e.  5r |ower percentage were to be chosen.
with a contact angle of 180the foreign nucleus does not  according to the active site theory, freezing cannot be ini-
cause any enhancement in the nucleation rate. tiated equally well over the entire surface of the foreign nu-

Now, asA Fgitf is unknown, as are the compatibility factor cjeys; rather it occurs preferentially at certain active sites. As
Jfnetand the surface energy of NATuo et al.(2003 defined 5 proxy for the quality of these sites, the contact angle may
two new constants (denoted here as b ajdwhich they  pe ysed, which essentially parameterises the reduction in the
used to tune their nucleation rate coefficient equation, so thafcleation energy barrier associated with a particular active

the model reproduced the observed NAT distribution: site. In applying Eq.%) to NAT nucleation on nuclei other
J,[“f\tTice —6.24x 10%%cm2s 1K1 than clean ice surfaces, the variations in contact angle for ac-
b 273157 tive sites of different quality must be accounted for. We there-
T exp[_—:| exp|: _ %] (8) fore definey’, which differs fromy of Luo et al.(2003 only
T T3(In(Snat)) in that it no longer includes the compatibility factor. The new

where the value @4 x 10?* corresponds tén/ h. The values ~ parameterisation for the nucleation rate coefficient of NAT,

thatLuo et al.(2003 suggested for these two constants were0n foreign nuclei immersed in a ternarp®/HNO3/H,SOy
solution, is therefore

A Fyj ; _
p AFdft 5000k 9) J,t}i}rforelgn(T) =6.24x 10%%cm 25 1(T/K )eXIO[Tb]
and '(27315)3
, , X ex [— r 3 > fheia)}, (11)
y = AG(T)TIN(SNAT(T))? fhed(@) _ 32813 (10) T3(In(SnaT))
273153k whereSnar is the saturation ratio of the STS with respect to

Note that in this parameterisation, it is implicitly assumed NAT.

that the nucleation sites on the foreign nuclei are all of the In order to adjust the nucleation rate parameterisation so
same quality, as the compatibility factor is included/iand  that modelled NAT distributions correspond to observations,
is therefore invariant. the value ofy’ and the distribution of contact anglesfor
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the available active sites on the foreign nuclei must be deter-  o2g~——————— T3
mined. Assuming that only the best active site on a particle =
is responsible for NAT nucleation, the occurrence probability o 107°¢ 3
of an active site with a particular contact angle on a particle f
can be described as E 107°F 3
—51.0° 8 .
Pas(a) = Ppre X eX% ) (12) g 107 E
o — o 5

similarly to Marcolli et al. (2007). The parametewq rep- 5 107°F 3
resents the lowest contact angle considered, whilg is a 2

i ; € 107F E
constant (with units of degt). In the model, 1contact an- E E
gle bins were used, for contact angles starting feays- 1°. -y 1 1 1 1 1
The number density of foreign nuclei, containing at least one 40 60 80 100 190 140 160
active site with a minimum contact angle(i.e. the number Contact angle [deg.]
of foreign nuclei in one particular contact angle bin), is then _ ) ) ) _

. Fig. 3. The number density of foreign nuclei as a function of the
given by R o
contact angle of the best active site on the particle’s surface.
a1 Ar2
foreign
Ng = | Nforeign — Z Ny’ Pas(Ol)AOK—Ig7 (13) . _
o' =g+l Ay and therefore lowers the temperature at which NAT will first

. ] ) _ form. The parametetq sets a lower limit on the contact an-
where Aa = 1°, rforeign is the radius of the foreign nuclei e associated with the best possible active site. As described
(20nm) andA, is the area of one active site, which is taken gpove, an active site with a small contact angle has a low
to be 10nn, following Marcolli et al.(2007. The nucleation  ygjue of the compatibility factor fhe); thereforeag deter-

rate of NAT on a particle is the, h/itTfore'gn multiplied by the  mines the maximum extent to which the presence of a foreign
area of the active site4;. This corresponds to a volume- nucleus can reduce the nucleation barrier. On the other hand,
based nucleation rate of Pore changes the probability of an active site with a particu-
. Omax _ lar contact angle occurring, and therefore alters the number
JyStvolforeian y > na x YOO T o) x A1, (14)  density of NAT that can be formed at a particular tempera-
ai=ao+1 ture. As it is assumed that the best active site on a foreign

Th ber density of forei lei functi  th nucleus is responsible for the nucleation event, an increase in
€ number density of foreign nuclel as a tunction of the Pyre shifts the distribution of active sites towards lower con-

;:_ontac:}gr;]glg_leh?f t?helr bestt ac:n:)e Rte IS strrl]own n ?lgThlS | tact angles, increasing the number of NAT particles which
igure highlights the contrast between the very few excel- | |ooie ot higher temperatures.

lent nuclei, characterised by small contact angle active sites, While for ice the nucleation rate is the sum of the hetero-

?n? thellarggnlljlmbg'r tofbrrlgdlocrfe nucl:lg W'tlht Iahrger Con'geneous and homogeneous rates, in the case of NAT forma-
actangles. similar distributions of nuciei quality have pre- 4, only the heterogeneous nucleation rate on foreign nuclei

;’.'?USIy belen ibsleglgf for %opglanoln(sj oftvolc?n;c;s? Pa3nd on ice is considered. Upon evaporation of the ice or NAT
'f els (';831/ e eta, jl) a? mineral ust pa_lr_rl]c et . particles, the nuclei are returned to the active site bin from
et al, 9 in ice nucleation experiments. The curve in | ... they originated.

Fig. 3 becomes rather flat beyond 80°, indicating there are The choice of the fitting variables for NAT nucleation, as

similar numbers of particles having a best active site WlthWeII as the other parameters used in this particular study, is

a contact gngle of, for egample, Toor 120 W_'th a for- discussed in Sec®.3, while the parameters used for hetero-
eign nuclei number density of 7.5 ¢t and settingPpre = geneous ice nucleation are giverfingel et al(2013.

1;1(6‘} 0°deg ]Ssee be'o"Y)’ cor?sigelr i3ng cqn}actggglﬁ.s#p 00 The optical properties (backscatter ratiyzo, and aerosol
accounts for approximately 0. pgrtlc es cmwhich depolarisation ratiodaerosg) Of the modelled PSC are cal-
covers the range of NAT numbe_rdensme§ hecessary for SMzulated from the particle number densities and radii, as-
Kllatm%theE PS;?s_, observed c:_urlr:jg tr;1e_ \év'n;rer of 2|009/ 2010'suming the particles to be prolate spheroids with aspect ra-
ote that q‘L. ) is not normaliised, which e ectwey_means tios (diameter-to-length ratios) of 0.9 (in accordance with
that the majority of the foreign nuclei have best active S'teSCarsIaw et a.1998 and a refractive index of 1.48 for NAT
which are of insufficient quality to decrease the NAT nucle- (Middlebrook et al, 1994. Calculations were then made us-
ation barrier. ing aT matrix light scattering algorithm\Mlishchenk¢ 1991,

The propertie; of the PSC modelled with'E'ﬂql)(can be Carslaw et al.1998 for spheroids with a known refractive
adjusted by varying the values of the three fitting parameters,

y’, ap and Ppre. A higher value ofy’ effectively increases the
nucleation barrier represented by the last term of Ed), (
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Fig. 4. Modelled aerosol depolarisation ratiy§,osg) VS inverse backscatter ratio f35) without (panek) and with (paneb) consideration

of instrument noise, for the mixed NAT/liquid cloud observed on the third CALIPSO overpass of the Arctic vortex on 21 December (denoted
here as orbit 21_03). The error bars illustrate one standard deviation of the uncertainty for a single point. The different areas of the plots
correspond to the PSC classifications described in 3€ekct.

The CALIOP measurements of parallel and perpendicular — Every vertical level was used, providing approximately
backscatter are subject to an uncertainty, and to simulate this a 180m vertical resolution.
in the model results, a normally distributed random instru-
mental noise component is added to each of these quantities From all the points fulfilling these criteria, ten-day back-
in the model output, before calculatiiga, andsaerosol Sub- ward trajectories were calculated, using the trajectory mod-
sequently, the modelled PSC is classified according to thélle of CLaMS McKenna et al.2002. The trajectories were
same scheme used for the observations. This allows a dire®ased on ECMWF ERA-Interim dat@¢e et al. 2011) with
comparison between the modelled and observed PSC properesolution of 1 x 1°and 6h, using potential temperature as
ties. The calculation of the uncertainty in the CALIOP mea- the vertical coordinate. The vertical resolution was approx-
surements is described in deta"ﬁmge| et a|(2013' and |mate|y 1.25km between the altitudes of 19km and 30km
an example of the model output without and with the instru-at polar latitudes. The internal and output time step for the
mental noise is shown in Fig, panels a and b respectively. trajectory calculation was 15 min. To determine the starting
Additionally, error bars show the limits of one standard devi- Point for the model calculation, the trajectories were fol-
ation of the normally distributed noise component for a sin-lowed backward in time from their end points, until the tem-
gle modelled point. The main effect of the random noise is toPerature rose abovéyar, so as to avoid the complication

increase the variability in the depolarisation ratio. of having to initialise the PSCs. If no such point was en-
countered within the ten days preceding the CALIPSO mea-
2.3 Trajectory calculations surement on which the trajectory ended, the trajectory was

not used in the modelling. For each of the valid trajectories,
The microphysical model was run along trajectories whichthe model was initialised and run forward in time up until
ended at CALIPSO observation points. For every CALIPSOthe point of the CALIPSO observation. For the days which
orbit during December 2009, where PSCs were observedyere investigated in December, there were around 2000-
the following criteria were applied to choose the observation5000 valid trajectories per orbit.
points used in the analysis: In previous work on cirrus nucleation (e.garcher and
. Lohmann 2002 Hoyle et al, 2005, as well as in the anal-
— Latitude north of SON; ysis of ice PSCsHngel et al, 2013, it has been shown that
_ Altitude of between 18km and 26km: the observed microphysical properti_es of a cloud can only
be properly reproduced by a model if small-scale tempera-
— The temperature at the observation point Wigr or  ture fluctuations (for example resulting from gravity waves
less: with horizontal wavelengths of less than 100km, i.e. below
the resolution of CLaMS and the ERA-Interim data) are ac-
— Every 5th vertical profile available in the CALIPSO counted for. Such fluctuations are expected to be ubiquitous
data set was chosen, to give a 25km horizontal resoluin the atmosphere (e.Gary, 2006 2008 and have been the
tion; subject of numerous PSC studies in the past, most of which
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examine the formation of ice and subsequent NAT nucleatior2.4 Constant NAT nucleation rate

onice particles (e.dzueglistaler et a]2002 Luo et al, 2003

Mann et al, 2005 Hopfner et al. 2006 Eckermann et al.  Experiments using constant, air-volume-based nucleation

2009 Alexander et a.2011). rates were also performed to provide a comparison with
It was demonstrated biyleilinger et al.(1999 that, as the  the new physically based NAT nucleation parameterisation.

equilibration times for HN@ and for HO in droplets differ ~ Similarly to previous studies (as summarised in Table

greatly, during the warming phase of a temperature fluctuathe constant nucleation rate was applied at all the trajec-

tion, H,O may partition from a liquid droplet back into the tory points where the temperature was belfiyr. Rate co-

gas phase much more quickly than HNChis can result  efficients of betweerj,{}th"O' =7.0x 10 %cm—2airh~! and

in an enhanced NAT saturation ratio, and NAT nucleation J’GEPI_Vd =2x 10-5cm3airh~! were run along trajectories

at higher temperatures than would otherwise be possible ifior the fourth CALIPSO overpass of the Arctic vortex on 24
the absence of temperature fluctuations. Several sensitivithecember 2009 (hereafter 24_04), and the nucleation rate
runs have been performed to test the effect of small-scalgroducing the best resul thTVO'_: 9x 10 8cm3airh?,
temperature fluctuations on NAT nucleation. The time seriesyas then applied to trajectories for the remaining orbits. The

of temperature fluctuations which was superimposed on thgesults of these model experiments are also shown in Sect.
CLaMSs trajectories for this purpose was based on that de-

rived in Hoyle et al.(2005, and had mean amplitudes of
+0.5K, similarly to those used bfngel et al.(2013, for 3 Results
heterogeneous ice nucleation. The results of these model runs
are presented in Se@.4. 3.1 Constant vs. saturation-dependent nucleation rate
coefficients

Model configuration used in this study

] ) o The basic difference between the new parameterisation and
For this study, the total number density of liquid aerosol par-ihe constant, volume-based nucleation rate can be illustrated
ticles was set to 15¢n?. Half of these particles contained by plotting the development of the NAT saturation ratio and
no foreign nuclei, and the initial radius of these particles fol- {14 increase in NAT number density as a function of time, for
lowed a log-normal distribution, with mode radius of .70 NM, 3 typical trajectory (taken from orbit 24_04) as in FigThe
ando = 1.8 (e.g.Dye et al, 1999. The number density of o4l was run once with each nucleation parameterisation,
foreign nuclei was set to 7.5 cm, with a radius of 20nm. along this 60 h trajectory, which was initialised with a tem-
The foreign nuclei were immersed in the remaining 7.5 8m erature of 193.05K and a pressure of 25.5hPa. The H#NO
liquid droplets, which were assigned a radius of 70nm (equaﬁ]ixing ratio of 13.5ppbv and water vapour mixing ratio of

to the mode radius of the liquid-only droplet distribution). 5.7ppmv were taken from the daily average MLS data, as
This was done to achieve the computational efficiency necesgagcribed in Sec. 3.

sary to run the large number of trajectories simulated. As all  the constant nucleation rate was applied as soon as the
NAT nucleation in the simulations occurred heterogeneously,(emperaIture drops belowiar, and therefore the number

this simplification had no significant effect on the results. yongjty of NAT particles began to increase at this point. The
The composition of the liquid solution was initially in equi- e\ parameterisation on the other hand led to a significant
librium with the gas phase, and the:® and HNG mix-  ¢rmation of NAT only after the temperature reached approx-

ing ratios were set at the beginning of each trajectory, USimately Tnar — 4 K. Shortly after this point, the tempera-

ing daily mean values of Microwave Limb Sounder (MLS) ture stabilised briefly; therefore only about 104 cm3 of

measurements. These daily vortex average values were caliaT was nucleated. Subsequently, the temperature contin-

culated from the MLS data by averaging over all cloud-free o 5 decrease, and the number density of NAT nucleated
points within the polar vortex on a particular day. By adjust- .ith the new parameterisation climbed rapidly to approx-
ing the model until the CALIOP PSC observations were '€ imately 1x 10-3cm 3. The step-like nucleation behaviour

produced as well as possible, the following best valuesé Wel'&een from the new parameterisation comes about because of
; e . /

determined for the6f|tt|nglparametens.: 43, y" = 650K the differing active site qualities on the particles. Once all

and Ppre=1x10"deg ™. In Sect.3, comparisons of the e particles with sufficiently good active sites have nucle-

observations and model calculations using the new paramesieq NAT at a particular NAT saturation ratio, the NAT sat-

terisation with these values are presented, as well as furthgf aion ratio must increase before the particles with the next
calculations which illustrate the sensitivity of the results t0 .t 4ctive sites may also cause NAT nucleation.

changes in the fitting parameters. The saturation ratio in both simulations remained fairly

similar while the air parcel was cooling; however due to the
longer times available for the NAT particles to grow, after
approximately 25 h the uptake of HNMy the NAT parti-
cles in the constant nucleation case led to a slightly lower
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by mixing or by the sedimentation of PSC patrticles. After the
match between the modelled results and the observations for
orbit 24_04 was optimised, the model was applied to other
orbits in a predictive capacity, to evaluate the robustness of
the new parameterisation.

The PSC classifications of the model runs used to define
the model parameters are shown in Fégalong with con-
tours indicating the temperature at the observation point rel-
ative toTyar- The uppermost panel shows the observed PSC
classifications. On the top row of the figure, the nucleation
barrier parametep’ is varied from a value of 550 to 750°K
in steps of 50 R. As expected at low values ¢f, the PSC
area is greater, and with increasipghe area of PSC formed
gradually decreases until only those trajectories that had ex-

5 . e - - - o perienced the coldest temperatures still nucleate NAT. On the
Time [hr] second row of Fig6, the nucleation strength paramefy.
is varied from 1x 10~"deg ! to 1 x 10-°deg 1. Here, the
Fig. 5. A comparison of the volume-based nucleation rate parame-;yation is reversed, with the larger values leading also to
terisation (red) and the new parameterisation (b_Iack). Both ver_S|0n§arger areas of PSC formed, and also an enhancement in the
of the model were run along the temperature trajectory shown in th\lAT number density, as shown by the increasing number of
bottom panel. The development over time, of NAT number density . ) ' ) . )
and saturation with respect to NAT, is shown in the top and middlepOIntS being classed as M'Xl/M'XZ and the_n as Mix-2enh.
panels respectively. On the bottom row of the figure, the compatibility factay
is varied from 41 to 45in steps of 2. Again, the increasing
values ofag lead to a decrease in the temperature at which
saturation ratio than for the model with the new parameter-NAT can form, and a reduction of the area of NAT modelled.
isation. After approximately 40h, the NAT saturation ratio The three plots in the middie column of Figare identical,
became lower for the simulation with the new parameterisa-2nd represent the model results using our chosen set of pa-

. : ; : . 6 deq-L 3
tion, and continued to decrease faster than in the simulatiofi@Metersgo = 43°, Ppre=1x10""deg " andy’ = 650 K°).
with the constant nucleation rate. It is evident from this plot that the same results can be

Three important differences between the constant nuc|eachieved with different combinations of the three factors. For

ation rate and the new parameterisation are illustrated bgxample, anxo of 43, Ppre of 5x 107" deg™* andy’ of
Fig. 5. The first is that if the temperature is only slightly 650 K3 leads to a very similar PSC classification as is found

lower thanTiar, the constant rate will nucleate NAT par- When using am of 45°, Ppre of 1x 10 ®deg™* andy’ of
ticles, whereas the new parameterisation will not (0 to 20h650 K. We do not, therefore, claim that the values for the pa-
in Fig. 5). Secondly, for short periods of time at low temper- rameters which we have determined are the only values that
atures, the new parameterisation will nucleate far more NATWill result in an accurate modelling of the observed PSC.
than the constant rate (e.g. 20 to 30h). Finally, if the temperHowever, lacking laboratory data on quantities such as the
ature remains beloWiyar for very long periods of time (as distribution of the quality of the foreign nuclei (i.e. the active
can be seen in Fig, times belowTyar of 120h or more are site distribution),A Fyit and the surface energy of NAT, it
not unusual), the constant rate will eventually nucleate mords not possible to further constrain the choice of parameters,
NAT than the new parameterisation. This would happen afte@nd the set of values which we have chosen are shown, in
approximately 110 h for the trajectory in Fif, if it were to ~ Figs.7, 8 and9, to lead to a very good representation of the

Ny [1/1000 cm™]
wQO o 00~
O ON O OON

/
ITTTRTIETIRTTINTTRTI SITRTINITL ) WU UL SRR PARNRTA NN

continue without further cooling. observed NAT PSCs. Additionally, it can be seen in Hg.
that the results are relatively insensitive to small changes in
3.2 Sensitivity of new parameterisation to choice of the three parameters, indicating a certain robustness of the
parameters parameterisation.

In Fig. 7, PSC classifications calculated from observa-
The values of the model parametersao and Pyre Were de-  tional data (top row) and model output from simulations us-
termined by systematically varying each parameter in turn,ing the new parameterisation (second row) as well as the con-
and comparing the resulting modelled PSC optical properstant, volume-based nucleation rate (third row) are shown.
ties with the CALIOP observations. For this purpose, the or-The plots represent a selection of orbits from throughout
bit 24_04 was particularly suitable, as a fairly large, coherentlate December in which the advantage of the saturation-
area of PSC was observed, and the length of time that thislependent nucleation rate parameterisation over a constant
air mass had experienced temperatures b&lgyy was only  rate is particularly evident. The bottom two rows of Fig.
between about 48 and 72 h, minimising complications causeghow the time that the air parcel spent at temperatures below
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Fig. 6. An illustration of the sensitivity of the modelled NAT classification (the different classifications are indicated by the colours in the
plot) to the three fitting parameters used in the new model, applied to CALIPSO orbit 24-12-2009 05:22:08 UTC (denoted orbit 24_04 in
the text). The uppermost panel shows the observed PSC, and the contour lines show the temperatures withTiggpérbta the ERA-

Interim reanalysis) at the time of CALIOP observation. The top row of panels shows how the results chphgevasied, whilePpre is

held constant at ¥ 10~6deg™?, andag at 43 . In the second rowPpre is varied whiley” is held constant at 650% andag at 4%, while

in the bottom rowPpre andy’ are held constant at:i 106 deg‘1 and 65018 respectively, whilexq is varied.

Tnar and belowInar — 4K, while the contour lines on these general area of the plot, while the constant nucleation rate,
two rows of plots show the minimum temperature reacheddespite being on the low side for orbit 24 04, produces far
along the trajectory, with respect Tar - too great an area of PSC. The reason for this can be seen by
Orbit 24_04.The middle column of Fig7 shows the re- examining the temperature plots for this orbit. While a large
sults for orbit 24 04, which, as described above, was usegumber of trajectories spent up to approximately 100 h below
to fit the model parameterisations. The observed PSC confyar, only a very small fraction reached temperatures below
sisted of a compact area of Mix1 and Mix2, with a few spots Tyar — 4 K. As seen in Fig5, while the constant nucleation
of Mix2-enh and STS. The new parameterisation reproducesate begins to produce NAT at a slow rate as soon as the tem-
the observed area of PSC rather well; however Mix2 is over-perature is belowlnar, the new parameterisation requires
represented, and there are only a few areas of Mix1 about thhigher saturations and, once these saturations are reached,
periphery of the cloud. The constant nucleation rate produceproduces NAT relatively quickly. Of the studies discussed
considerably less PSCs than observed, and at a lower altabove, which used an air-volume-based nucleation rate, only
tude than the observed PSC. Of course a larger area of PSGrool3 et al(2005 carried out any simulations where a cer-
could have been formed with a higher constant rate; howevetain NAT saturation ratio had to be exceeded before NAT was
other orbits shown in Fig? illustrate that a higher rate will nucleated. In their case, a constant nucleation rate was ap-
not improve the overall agreement between the constant ratplied as soon as the temperature was belpar, to form
simulations and the observed PSCs. a low number density mode of large, sedimenting patrticles,
Orbit 19_08.In the first column of Fig7, results for orbit ~ while a mode of higher number density and smaller, non-
19 08 are shown. These were among the first observations agfedimenting particles was nucleated only once the NAT sat-
PSC for the 2009/2010 winter, and the observed area of Mixluration ratio exceeded 30 (equivalent to approximalglyr
and Mix2 PSC is small. The new parameterisation captures- 5K). Applying such a nucleation barrier may slightly im-
this well, also producing a small speck of PSC in the correctprove the agreement of a simple volume-based nucleation
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Fig. 7. A comparison of the PSC classifications calculated from CALIOP observations (top row), from model results using the new nucleation
parameterisation (second row) and from model results using a constant, volume-based nucleation rate (third row). The contour lines in the
upper three rows indicate the temperatures with respegitp (from the ERA-Interim reanalysis) at the time of CALIOP observation. Each
column shows the results from one orbit. The bottom two rows of plots show the time spent by the trajectories at temperatures lower than
TnaT (fourth row) andTnat — 4 K (bottom row). On these two rows, the contour lines show the minimum temperature encountered along
the trajectory, with respect tGyar -

rate with the observations in some situations; however it will detectable PSC, due to the short time the trajectories spent at
not solve the fundamental problem that such a nucleation patemperatures belodar.
rameterisation cannot reproduce both PSCs formed during Orbit 26_04.For this orbit, the constant nucleation rate
short periods at cold temperatures and PSCs formed durintpads again to a far greater area of PSC than that which was
long periods at relatively warm temperatures. observed. The new parameterisation simulates a slightly too
Orbit 20_04.In the next column, results from the orbit large area of PSC, again with an overestimation of the frac-
20_04 are shown, where the new parameterisation this timéion of Mix2 with respect to Mix1. While only a few pixels
does not do as well, underestimating the area of PSC formedf PSCs were observed at higher longitudes, the new parame-
The results from the constant nucleation rate are, howeveltterisation leads to a significant region of a Mix1/Mix2 cloud.
again an overestimate of the PSC area. Orbit 20_04 is rathddowever, these simulated trajectories have spent more than
unique, in that the time spent at low temperatures is very80 h belowTyar — 4K before reaching the orbit path. As dis-
short compared to the other orbits. The observed PSCs areussed above, these particles will have sedimented and mixed
mostly STS and Mix1 clouds, an aspect which is missing ininto air parcels with different saturations ratios, which is not
the model results, which suggests that the ERA-Interim tem+taken into account in the analysis. This area has therefore
peratures along this orbit are very likely too warm. been marked by shading.
Orbit 24_05.For this orbit, the new parameterisation pro-
duces PSCs at the correct altitude and longitude in compari-
son with the observed PSCs, albeit a slightly too small area,
while the constant nucleation rate leads to a total absence of
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Fig. 8. PSC classification (upper row) and optical properties obtained by CALIOP along several orbits in December 2009. The contour

lines in the upper row show the temperatures with respegjjg (from the ERA-Interim reanalysis). The second row shows the aerosol
backscatter ratioKs32— 1) and the third the perpendicular backscatter coefficiggyf). In the panels on the bottom row, each observation

point is represented by a dot, placed according to the observed aerosol depolarésatiag)( and inverse backscatter ratio, measured at a
wavelength of 532nm (R532). The points are colour coded to indicate the temperature with respggifoat the observation point.

3.3 Modelling the NAT formation in December 2009 The observations show perpendicular backscatter coeffi-
cients Bperp) Up to 1x 10~°km~1sr! scattered throughout
the observation area, while in the modelled case such high
The ability of the new NAT nucleation parameterisation to values are confined to the vicinity of PSCs, and the mod-
reproduce the observed PSC characteristics is further illuselled background signal remains below 106 km=!sr 2.
trated by comparing the results from simulating a range of or-The cause of this difference is that the instrumental noise
bits from mid- to late December 2009. In FRy.each column  spikes in the background observations, particularly those
shows the classification and observed optical characteristichich form the tails of thegperp distribution, are not entirely

of PSCs observed along a particular orbit. The correspondreproduced by the function used to generate the instrumental
ing model results are shown in Fig. The model reproduces noise which was added to the modelled optical values. The
the PSC classes quite well in all orbits, both in terms of thenoise in the measured backscatter is often caused by vari-
location and the size of the modelled PSC area, and largelgtions in radiation from space, to which the satellite-based
also in terms of optical characteristics. However, the modelinstruments are subjected.

slightly underestimates the observed proportion of STS. This Comparing the bottom panels of Figsand9 shows that
underestimation would be reduced if the temperatures weravhile the model generally reproduces the distribution of the
lower. points as a function ofaerosoiand inverse backscatter ratio,

In the plots of aerosol backscatter ratiis§, — 1), the  the distribution of the modelled points is more compact with
observations exhibit a larger variability than the modelledrespect to the inverse backscatter ratio than is the case for
results, with the observational data containing some pointghe observational data. While the points at small backscatter
reaching values of up to about 5-6 (i.eRd4, > 0.15), while  ratios (1Rs32 > 0.5) are well represented, the model misses
the modelled values are generally below 1 (i.&s86 > 0.5). the observed large backscatter ratios. This concerns mainly
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Fig. 9. As for Fig. 8, except that in this case the model results are presented.

STS clouds. Since STS clouds, owing to their large surfacenotion that the lack of high backscatters is most likely due to
area, respond to temperature changes without significant kiuncertainties in the reanalysis data.

netic delay, they act as thermometer; i.e. the only reasonable

explanation is that the ERA-Interim reanalysis temperatures3.4 The effect of temperature fluctuations

are occasionally too high. In the critical temperature regime o

of maximum HNQ uptake by STS, a temperature reduction T"€ model runs shown in Fig were repeated; however

of just 1K can cause STS clouds to grow by up to a fac_th|s_ t|me_, random phases of th_e temperature fluctu_at|0n§ de-
tor of 4 in volume Carslaw et al.1994, i.e. about a factor scribed in Sect2.3 were superimposed on the trajectories

1.6 in radius, which translates into an increaseRgsg—1) ~ @long which ZOMM was run. As expected, due to the in-
by up to a factor 6Riele et al, 2001). A sensitivity test, in ~ créased NAT saturation ratios resulting from the temperature

which the temperature along the entire length of the trajecfluctuations, the area of the modelled NAT PSCs increased,

tories was reduced by 1K, led to inverse backscatter ratio&S did the number density of the NAT particles in the clouds.
which spanned the range of the observations, and also to alft Order to restore agreement with the observed properties of
increased area of the modelled PSC (not shown). Increasin§e PSCS, the value of was increased from 650 to 706K

the total number of aerosol droplets in the model which didincréasing the NAT nucleation barrier. The results of these
not contain foreign nuclei from 7.5 to 15 cif on the other ~ Model runs are shown in Fig.0. Comparing Fig.10 with
hand, increases the proportion of PSC classified as STS, bliig- 8, itcan be seen that_ the areas and cla35|f|cat|0ns of PSCs
does not significantly increase the modelled backscatter ralodelled when accounting for temperature fluctuations gen-
tios. The uncertainty of the ERA-Interim stratospheric tem- erally agree very well with the observed PSC properties, al-
peratures is of the order of 1K during the 2009/2010 Arctic though for orbits 21_03 and 22_03 the modelled PSC areas
winter, as a detailed comparison with radiosondes launched! Fig. 10are slightly larger than observed. However, includ-
from Ny Alesund and Sodankyl4 reveals (during the REC-IN9 the fluctuations also leads to a better representation of the
ONCILE and LAPBIAT-II (Lapland Atmosphere-Biosphere OPServedRszz— 1 andfperp values, particularly in the case

Facility) campaigns, not shown here). This corroborates the?f Orbits 20_08 and 23_05. Because of the effect of temper-
ature fluctuations on the modelled PSC classifications, it is
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Fig. 10.As for Fig. 9, except that in this case the model results were calculated along trajectories with small-scale temperature fluctuations
included, and/’ was set to 700K

Table 2. The parameters to be used in the NAT nucleation param-4 Summary and conclusion

eterisation, for models which include a representation of the atmo-

spheric dynamics leading to small-scale temperature fluctuations,

and for models which do not include such a representation. The 2009/2010 Arctic winter was unique, in that during the
second half of December the stratospheric temperatures were

Model dynamics v (K3 Ppre(deg™l) g below TnaT, While having stayed at least 2K above the frost

) oint and 5K above the temperature required for homoge-
No fluctuations 650 k107 43 Eeous ice nucleation Whereaz there havg been previous .gtud—
Including fluctuations 700 106 43 ' P

ies which have suggested that nucleation on ice is not the
only NAT formation pathway in the polar stratosphere, the

) _CALIOP measurements presentedmits et al.(2011) and
useful to define two sets of model parameters, as shown iy, qelied here provide unprecedented evidence for persistent
Table2. The first set are for use in models where small-scalejqe_free NAT formation on the synoptic scale. Because of the

air motions and the associated temperature fluctuations argeteorological situation, the CALIOP observational data set,
not explicitly accounted for. These parameters reproduce th?ogether with a microphysical model, could be used to per-

effect of the temperature fluctuations on NAT formation, 10 5 m a detailed modelling of NAT formation in the absence

a large extent. The second set of parameters is suitable fQfs jce, enabling the derivation of a parameterisation of the
models where the temperature fluctuations are explictly '®Pheterogeneous nucleation process. A new NAT nucleation

resented. parameterisation was constructed, whereby NAT nucleates
on foreign nuclei, such as meteoritic dust particles, which
are immersed in stratospheric aerosol droplets. The parame-
terisation uses active site theory to account for the range of
qualities of the nucleation sites on the available nuclei. It ex-
tends the parameterisation usedlm et al.(2003 for NAT
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formation via deposition nucleation on the uncoated surfacenot resolved in the ERA-Interim data, are expected to be
of ice particles. present in the polar stratospheres, and indeed have been the

The PSC model ZOMM, containing the new parameteri- topic of many previous PSC studies (ekgleglistaler et a.
sation, was applied to ten orbits between 19 December 2002002 Luo et al, 2003 Mann et al, 2005 Hoépfner et al.
when the first pixels of PSC were observed by CALIPSO,2008 Eckermann et al2009 Alexander et al.2011). When
and 26 December 2009. Later orbits were excluded as theguch fluctuations are added to the trajectories along which
were getting close to the date when ice was first observed andOMM is run, higher NAT saturation ratios are reached,
also because the time that a substantial fraction of the trajecand thus, on average, NAT nucleates at higher temperatures.
tories spent belownar was longer than 80 h, increasing the However, a similar effect can also be achieved to a large ex-
influence of factors other than nucleation on the reproducibil-tent with a lower NAT nucleation barriep () in the new pa-
ity of the observed PSC. rameterisation. The standard value of 6504hich was de-

It has been shown that the new NAT nucleation parametertermined fory’ can therefore be viewed, to a certain extent,
isation leads to an accurate modelling of the observed PS@s including the main effects of the temperature fluctuations.
throughout this period, with the extent of the observed NAT On the other hand, if the new parameterisation were to be
PSC being extremely well reproduced. There is one notablémplemented in a model where the small-scale temperature
exception, orbit 20_04, where the area of PSC was underfluctuations are resolved, a value pf=700 K2 should be
estimated by the model. In this particular case, there wasised instead.

a relatively small number of trajectories which had spent a The new parameterisation has significant advantages over
short time (less than 24 h) at low temperaturBst — 4 K). an approach which applies a single, saturation-independent,
Under such conditions, small differences between the actuahir-volume-based nucleation rate as soon as the temperature
meteorological situation and the ERA-Interim data used bydrops belowTyar. Such a method cannot accurately model
the model along the trajectories may lead to a larger apparertoth situations with temperatures remaining slightly below
discrepancy between the modelled and observed PSC classiyar for an extended period of time as well as situations
fications. An examination of the modelled backscatter showswith temperatures substantially beldiar prevailing over

that it just marginally misses the CALIOP PSC classification only short time periods. The new parameterisation copes well
criteria. with both situations (see for example Figorbits 24_05 and

The classification of the modelled PSCs corresponds ver®6 _04), while also partially reproducing the observed PSCs
well with the classification of the observed PSCs; howeverin more extreme cases (e.g. orbit 20_04).
the model has a slight tendency to over-represent Mix2, and The new parameterisation is computationally efficient and
underestimate Mix1 and STS. Again this could be due tosimple to implement in large-scale models. Beyond the ap-
slightly too high temperatures in the trajectories. On the othemplication in our microphysical box model without sedimen-
hand,Engel et al(2013 found that using the ECMWF op- tation, we hope that the application of this parameterisation
erational analysis to calculate the trajectories, rather than the three-dimensional simulations of denitrification and ren-
ERA-Interim data, would have led to temperatures along theitrification in the polar stratospheric vortex will provide the
trajectories having a low bias. Further, it should be notedopportunity to follow the development of the NAT particles
that although the classification Mix2 is slightly over repre- over extended time periods, from nucleation through their
sented in the model results, the inverse backscatter valuegrowth and subsequent sedimentation, all the way to final
derived from both the modelled and observed PSCs straddlevaporation or tropospheric removal.
the boundary between Mix1 and Mix2 and are actually very
similar (e.g. bottom rows of Fig8 and9). Therefore, small
shifts in inverse backscatter lead to different modelled and®cknowledgementsThis work was supported by Swiss National
observed classifications of the PSC despite very similar optiS¢ience Foundation (SNSF) grant numbers 200021_120175/1
cal properties. and 200021_140663 as well as by the European Commission
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