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Abstract. In December 2001 and 2002 in situ aerosol mea-1989, 1997; Deshler et al., 2003b). All these particles form
surements were made from balloon-borne platforms withinon the ubiquitous stratospheric sulfate aerosol (SSA) which
polar stratospheric clouds (PSC) which contained particlesonsist of water and sulfuric acid. This paper seeks to con-
of supercooled ternary solution (STS), nitric acid trihydrate tribute to our understanding of the growth of these particles
(NAT) and ice. Particle size (radius0.15um) and num- by an analysis of in situ PSC measurements in the Arctic
ber concentrations were measured with two optical particlen December 2001 and 2002 (Deshler et al., 2003b; Larsen
counters. One of these included &80 cm inlet heated to et al., 2004).

>244K to evaporate the PSC particles and thus to obtain Sjze (radius>0.15pm) and number concentrations were
measurements, within PSCs, of the size distribution of themeasured with two optical particle counters (OPC) (Deshler
particles upon which the PSCs condensed. These measuret al., 2003a). One OPC provided PSC particle size distri-
ments are compared to models, described here, that calculatgition measurements. The second OPC included either an
the evaporation of PSC particles-af50 K and~290K for 82 cm inlet, with a 90 bend, heated to between 244K and
an inlet transition time of about 0.1s. The modeled evapo-256 K (2001), or a 75cm straight inlet heated to between
ration for STS agrees well with the measurements. For NAT262 K and 300 K (2002). The heated inlet was used to obtain
the modeled evaporation is less than the evaporation meaneasurements, within PSCs, of the size distribution of SSA.
sured. The primary uncertainty concerns the phase and mofFhis size distribution is required to initialize microphysical
phology of NAT particles as they are brought to temperaturesnodels of PSC growth. Here we have developed STS- and
>50K above equilibrium temperatures for NAT at strato- NAT- evaporation models which simulate the evaporation of
spheric partial pressures. The slow evaporation of NAT inparticles in the heated inlet 250 K and~290K in a time

heated inlets could be used to identify a small NAT compo-period of about 0.1s. Results from this model are compared
nent within a mixed phase PSC dominated by STS. with the heated inlet OPC observations.

Other non-equilibrium models simulate, in lee wave
clouds, growth and evaporation of STS particles (Meilinger
et al., 1995), growth, evaporation and freezing of STS par-
ticles as well as formation and growth of solid particles

In the stratosphere, chemical reactions occur on PSC parti€-9- Carslaw et al.,, 1998; Luo et al., 2003; Larsen et al.,
cles, leading to ozone depletion (Solomon et al., 1986; Tol-2004). The heating/cooling rates in these models are on the
bert et al., 1988). These particles are composed of watefrder of 5-80 K/;‘OW while the heating rate in the heated
and nitric acid and are observed in three phases in the stratd?/et is ~1.5x<107K/hour.  The basic equations for the
sphere: 1) Nitric acid trihydrate (NAT), a stable solid particle 9rowth/evaporation of the particles in these models are the
(Hanson and Mauersberger, 1988b; \oigt et al., 2000; Fahey@Me as in our model; however, we do not consider nucle-
et al., 2001), 2) Supercooled ternary solution (STS), a liquid@tion or freezing of particles since our model is an evap-
particle (Dye et al., 1992; Tabazadeh et al., 1994; CarslawPration model at temperatures much higher than the for-

et al., 1994: Schreiner et al., 1999), 3) Ice (Goodman et a|_mation temperature of NAT. While we follow a particle in
the inlet, the other non-equilibrium models follow air par-

Correspondence tof. Eidhammer cel trajectories. The models described in Meilinger et al.
(trude@uwyo.edu) (1995), Carslaw et al. (1998), Luo et al. (2003) and Larsen
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et al. (2004) are all Lagrangian or quasi-Lagrangian in ra-most of the inlet and the particle temperature must be calcu-
dius space just as the model described here. However, dire¢ated numerically.T,, is calculated from the conductive heat
comparison of these non-equilibrium models with the modeltransfer equation:

described here can not be conducted since the lee-wave mog,
els concentrate on supersaturation cases, while our model i

d
=dnak*(Too — T,) = —4,07[La2d—(:. (4)

made for high subsaturation cases, and our heating rates far

exceed anything found in the natural systems being describeE|e

by the other non-equilibrium models.

2 Model description

rek* is the modified thermal conductivity. Inserting (1)
into (4) gives
C

Pri
Rk*

Too — Ty + -
a
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wherew is the mass fraction of the evaporating species and

) =0, (5

Evaporation of PSC particles is controlled by diffusion of arrives from the weighting of the latent heat for the different

two molecular species @ and HNQ) away from the par-
ticle. The governing equation is

da C * Pp i
a—=—Y DIM; (-2 - :
dt Rp = Too

Herea is the radius of the particlé)* the modified diffusion
coefficient, C the capacitance)M the molecular weight of
the evaporating specier,universal gas constan,the den-
sity of the particle P, the partial pressure of the evaporating
species from the particle arig the saturation vapor pressure
of the same particleT is the mean temperature of the air

Ps,i
T,

1)

in the inlet andr, is the temperature of the evaporating par-

ticle. The subscript stands for the evaporating speciesH
or HNO;s. In this paper the subscripts=HNO3, w=H>0
and s=H>S0Oy. The modified diffusion coefficienD* ac-

evaporating species.

The latent heat of vaporization and sublimation is calcu-
lated from the Clausius-Clapeyron equation. As for the dif-
fusion coefficient, the thermal conductivity, must also be
modified due to discontinuities near the particle ansimul-
tiplied with the'-function given in (2). The Knudsen num-
ber for thermal conductivity is:

3kM,

K % _05R
Pava(Rd .5R)a

= (6)
(e.g. Toon et al., 1989). Her#, and p, are the molecu-

lar weight and density of ain, the thermal velocity of air
moleculesc, the specific heat at constant pressure &pd
the gas constant for dry air. For particles less than approxi-
mately 0.05 um the Kelvin effect on the vapor pressure must
be included.

counts for molecular discontinuities near the particles with a e air entering the inlet is increasing in temperature as it

multiplicative function,I"(Kn), where

1

P = T ek kn’

)

This approach to find* is described by Fuchs and Sutugin
(1971). HereKn=A/a is the Knudsen number for diffusion

is brought through the inlet. The mean air temperatiig,
as a function of location in the inlet, can be expressed

T (x) = Ty — (T, — T;)e ¥/ @

(e.g. Bejan, 1984). Herg, is the temperature of the inlet
wall, 7; the temperature of air as it enters the inlgtthe

andA is the mean free path of the evaporating species. Th@€rimeter,i the mass flow rate and is the heat transfer

mean free path is found by multiplying the mean free pat
of air with a correction facto® (Hamill et al., 1977; Larsen,
2000). For HO, ®,,=0.820 and for HN@, ©,=0.857. The
functionA(Kn) in Eq. (2) is given by

0.71
1.33+ %1

MKn) = T KA
n

®3)

(Fuchs and Sutugin, 1971).

hcoefficient.

The heated inlet in 2001 had a*d¥0end. As particles flow
through the bend, the largest particles will be deposited on
the wall. The fraction of particles not lost in the berRljs
given by
8)

where Stk is the Stokes number (Hinds, 1999) afgd the

B=1-— %(Stk(,o, a,Ce,u, v, d)),

The sticking- and thermal-pressure dependent slip correction factor. The expression for

accommodation coefficients are here assumed to be unit¢. used here is also given in Hinds (1999).is the mean
and are not included in Eq. (3). The assumption of unity forair velocity in the inlet,v the viscosity of the air and is
the accommodation coefficients is based on Pruppacher anithe diameter of the inlet. The flow in the inlet is laminar and

Klett (1997) for HO and a lack of information for HN&
As the particle evaporates, the particle temperatiie,
decreases due to release of latent heatlf T ~T,, the

deposition in the straight part of the inlet is not expected.
In applying this model, most parameters and variables are
well known or specified. The primary exceptions are vapor

Maxwell-Mason equation can be used to calculate the evappressures of HN®and HO over NAT for high tempera-
oration rate analytically (e.g. Pruppacher and Klett, 1997).tures, but with stratospheric partial pressure in the ambient

However, in our casd, is significantly lower tharil, in
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2.1 Details of the STS model a; = /a3 + 2K;(dt)dt. 9)

To model the evaporation of STS, a thermodynamic modelHere; is H,O or HNO;z anda; is the radius the particle would
developed by Carslaw et al. (1995) and Clegg et al. (1998) isave if only thei species evaporated. The amount of mass
used to calculate the vapor pressure eHand HNQ over  of species that is evaporated{m;, is then calculated from

the STS particle. As STS evaporates it will reach a binary(4/3)np(ai3_ag)_ The new total mass and radius of the STS
mode when all the HN@is evaporated. The same model is particle are now

used forw; <0.8 in the binary mode. Fap,>0.8 the expres-

sion given by Gmitro and Vermeulen (1964) and tabulated
data from Giaugue et al. (1960) are used. The density of”
STS particles is found from Luo et al. (1996). For the small-
est particles{<0.05 um) the Kelvin effect, a function of the Equations (9) and (10) are calculatedimes until xd¢
surface tension between the particle and the air, is includedequals the time the particles spend in the inlet. For each
The surface tension between STS and air is calculated from @me step the new vapor pressure, density, latent heat, modi-
molality weighted average of the binary sulfuric acid solution fied diffusion coefficient, modified thermal conductivity and
surface tension (Tabazadeh et al., 2000) and the binary niparticle temperature are calculated. For any one initial size,
tric acid solution surface tension (Granzhan and Laktionovathe model preserves the initial number concentration as that
1975). Since STS are liquid particles, the capacitan¢im- size is reduced by evaporation. This model is therefore La-
cluded in Eqg. (1) and in the modification & andk) is 1. grangian in radius space.

The diffusion coefficient of HN@is given asD,=0.559D,,

(Larsen, 2000) wher®,, is the diffusion coefficient of K. 2.2 Details of the NAT model

The mass fractiony) of HoO and HNQ in the STS par-

ticle, required as initial conditions, is available from mea- At low temperatures the growth and evaporation of NAT par-
surements in the PSC with a mass spectrometer (Schreindicles is governed by HN@partial pressure as long as@

et al., 2002; Deshler et al., 2003by, in the particles was IS supersaturated with respect to NAT. In this region it can be
calculated based upon measurements from the two OPCs argpsumed that for every HNGnolecule that evaporates, three
the assumptions that for SSA at 247:K,=0.86 (Steele and H20 molecules evaporate. Equation (1) can now be written:
Hamill, 1981), and that the size distribution of SSA has a da  CD:M, (Pp,n PM) 3M, + M,

m
= dm;, = 33— 10
mo+zi: mi a p (10)

single mode. _
My

a— = . (11)
We have assumed a,B (HNO3) gas phase mixing ra- dt Rp T T,

. At warmer temperatures the same assumption is made al-
ttm)ugh it is less certain. Laboratory investigations of a NAT
article as it is brought to temperatures much higher than
s equilibrium temperature at stratospheric temperature and
Bartial pressures are not available.

From the point where the temperature is high enough that
H>0 is no longer supersaturated with respect to NAT and
the saturation ratio of yD is less than the saturation ratio

the inlet since the temperature in the inlet increases rapidl
and the difference in saturation vapor pressure and partiq
pressure becomes quickly large. Therefore, any changes i
partial pressure in the inlet will not affect particle evapora-
tion in the inlet. The size distributions used to initialize the
model are the bimodal lognormal fits from observed distribu-

tloz‘s vg_trhsthe ambient inlet OPC'd il ch Thi of HNO3 we assume that as three® molecules evaporate,
S evaporatesy,, w, andws will change. IS one HNGQ molecule evaporates. The rate of evaporation is

leads to changes in the saturation vapor pressures and If[Jﬁ - ;
. . us only dependent on evaporation oftHand Eg. (1) is
tent heat. The decrease in radius also leads to changes y aep P of a- ()

the modified diffusion coefficient and the modified thermal

conductivity. Evaporation of mass requires latent heat, thus 4, ¢ DMy (Ppw  Pow\ Mw+ % M,

the temperature of the particle changes during evaporation. “o - R ( T' -7 > M :

. . . . . P 00 a w

Equation (1) is a complicated function of radius and must

be solved numerically. We here integrate Eq. (1) over timeThe capacitance factar in Egs. (11) and (12) is here 1.61

stepsdr=2x10~*s. The selection of the time step was based(Larsen, 2000) and the density of the NAT particles is as-

on the longest time interval that provided convergence. Wesumed to be 1620 kgnd (Taesler et al., 1975). Surface ten-

(12)

assume that‘fi—?zK(dt) is constant over this time step: sion (used in the Kelvin effect) between NAT and air is taken
from Drdla and Turco (1991).
i dt The vapor pressure of 40 and HNQ over NAT at low
/;0 ada = /o Ki(drdt temperatures are well documented (e.g. Hanson and Mauers-

berger, 1988b,a; Worsnop et al., 1993). An expression for
U vapor pressure of HN®as a function of temperature and

www.atmos-chem-phys.org/acp/5/97/ Atmos. Chem. Phys., 5, 97-106, 2005
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2.3 Temperature and flow in the inlet

There were two temperature sensors along the heated inlet.
The first sensor was on the wall at the center of the heated
inlet and was used to control the inlet temperature. The sec-
ond temperature sensor was fixed to the inlet wall at the end
of the inlet just before the optical chamber. In 2001, at the
times we are interested in, the center temperature was about
255 K. Over these times, the temperature at the end of the in-
let decreased from about 251K to about 243 K. In 2002 the
center temperature was around 303 K and the temperature at
the end of the inlet was about 270 K. In the models we have
assumed that the particles experience a mean wall tempera-
ture which lies between the two temperatures.

The particle measurements were collected every 10s and
| then averaged over homogeneous regions of the PSC. Av-
Y netedinie eraging of the data is especially important for measure-
o-e-e—eHeated inlet | ments from the heated inlet. The flow is assumed to have

- a Poiseuille flow distribution. Thus particles will experience
., | different evaporation rates depending on where in the inlet
I ) r Jihav | the particles are situated. A particle closer to the center of
5 Ll bl e WS T e AT the inlet will have a higher velocity, and thus evaporate less,

180 190 200 210 0.010 0.100 1.000 than a particle closer to the wall that has a lower velocity. Av-
Temperature (K) Aerosol concentration (cm) eraging measurements over homogeneous cloud regions re-
sults in size distributions representative of about 40 samples
Fig. 1. Vertical profiles, 5-27km, of ambient temperature and of gnd these particles will presumably be distributed similarly
aerosol concentration for particles yvith rgd'w@.lS, 0.25, 0.30,  gcross the inlet for each sample. Thus the mean velocity of
0.50pm, as measured by the ambient (lines) a290K heated 7 gy 51 that the particles experience in the inlet is used.

(lines and data points) inlet OPCs flown on 6 December 2002. The . .
temperature is compared to equilibrium temperatures for NAT and The heated and ambient inlets for the 2002 measurements

STS using the measured,8 concentration (Deshler et al., 2003b) Were both oriented vertically. In this orientation the sampling
and 11 ppbv HNG. is nearly isokinetic. In 2001 both inlets were oriented hori-

zontally. While this causes a sampling bias, both inlets suffer
the same bias so a comparison of the two measurements is
still justified.

20 !

15

Altitude (km)

10/— - T
- TSTS =
- Tamblem

H>0 partial pressure in the temperature range 180 to 200 K

is given in Hanson and Mauersberger (1988b). This expres3 PSC and background aerosol observations

sion can be used as long as®lis saturated with respect to

NAT. However, as far as we know, there are no vapor presin December 2001 the balloon-borne gondola, released from
sure expressions as a function of only temperature based dasrange, Sweden (68!, 21° E), flew through a PSC located
experiments at higher temperatures for NAT particles. Therebetween 22 and 26 km (Deshler et al., 2003b). This cloud
fore, we have developed an expression based on Toon et al.zonsisted of distinct layers of NAT, STS and a thin layer of
(1986, Fig. 1) extrapolation of vapor pressure curves fromice. Below 24.5 km the particles were mainly STS and above
measured partial pressures of®land HNQ over a liquid  they were mainly NAT. In December 2002 the balloon-borne
solution (Clavelin and Mirabel, 1979). Below the melting gondola flew through a PSC located between 20 and 26 km.
point the slopes of the partial pressure curves were changedhis cloud consisted mainly of STS particles (Larsen et al.,
in proportion to the latent heat of fusion for the trinydrate. 2004).

This results in lower vapor pressures than for the liquid par- Measurements with the ambient inlet OPC in these PSCs
ticle with mass-fraction of 0.54 HN§ Toon et al. (1986) indicate bimodal size distributions in both NAT and STS lay-
also extrapolated vapor pressures from the melting point byers. Some size distributions have a well developed second
using the latent heat of the pure materiab(Hor HNGO3). mode and a first mode which differs only slightly from SSA.
This approach gives slightly higher vapor pressures than bysuch distributions were observed at cloud top in both 2001
using the latent heat of the trihydrate. Toon et al. (1986)and 2002 and we believe they consist almost exclusively of
mentioned that the correct vapor pressure may lie betweeNAT and SSA. In contrast, in a PSC with STS, the distri-
the two cases. bution is well developed in both the first and second mode.

Atmos. Chem. Phys., 5, 97-106, 2005 www.atmos-chem-phys.org/acp/5/97/
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Deshler et al. (2003b) provide examples of both these types _ 107
of distributions as well as intermediate distributions. The ;
predominately STS and the intermediate distributions are
probably characteristic of mixed phase clouds.

The difference in the distributions dominated by NAT and
by STS are due to a nucleation barrier that exists for NAT par-
ticles (Zhang et al., 1996; Koop et al., 1997; Carslaw et al.,
1998). STS particles do not have this barrier thus all small
particles can grow into STS particles. Measurements from Ko
the heated inlet OPC in 2001 indicated bimodal size distribu- i
tions if the PSC layer contained a second mode in its size
distribution. This means that the largest particles did not
evaporate back to SSA. In the 2002 flight, when the inlet
temperature was increased, the evaporated size distributiore
consisted mostly of one mode, indicating complete evapora-%
tion (evaporation to SSA) of the condensed water and nitric * ‘
acid. I Binary sofution

Measurements outside of a PSC with the two OPCs offera 50 | T T

i ‘ 1
|

H,0, —— HNO) ]

100 “HO, — — HNO)

0% )

Saturation vapor pressure (mbar

et temperature (K)

/
Radius (um)

Observ aporated NAT B 01

good test of the precision of the OPC measurements, since, if s
SSA are relatively unaffected by the heating, the heated and§ %61
ambient inlet measurements should differ only slightly. At “% O_4i
247 K, wy; ~0.86 (Steele and Hamill, 1981) while; at am- = I
bient temperatures is lower. Thus SSA in the heated inlet will ~ o2f
be slightly smaller than ambient SSA since water has evapo- o
rated; however, the difference is expected to be small. This o0 0.02 0.04 006 008
small difference in size will slightly reduce concentrations Time (s)

from the heated inlet measurements when the two measure- . . .
ments are compared at the same size. Fig. 2. Change of different variables along the heated inlet as STS

The agreement of aerosol volume from heated and ambi?mOI NAT particles evaporatéa) Saturation vapor pressures oj@

. and HNG; over a 1 um STS and NAT particle at 250 () Temper-
ent measurements on the boundaries of the PSC measuredéﬂ"e in the heated inlet (solid line) and particle size for STS (dotted

2001 (Deshler et al., 2003b) and the concentration profiles ajne) and NAT (dashed line). The horizontal dashed line shows the

4 sizes in Fig. 1 from the 2002.heated and ambient measurespserved size of a 1 um evaporated NAT parti¢hd Mass fraction
ments support these expectations. The 2002 measuremendsH,0, H,SO, and HNG; for the STS particle.

in Fig. 1 are in good agreement below 16 km with the heated

inlet concentrations slightly less than the ambient concen-

trations. The PSC is clearly evident between 20 and 26 kmpletely to SSA. Particles that evaporate completely may be

Between 16 and 20 km the heated inlet measurements showahecked against the model to see that it also predicts com-

decrease 0f50% in concentration at the smaller sizes. This plete evaporation, but a strict test of the model requires mea-

is greater than would be expected due to drying of SSA insurements at a point in the heated inlet or at temperatures

the heated inlet and temperatures are too warm for STS.  where evaporation is incomplete. Measurements in 2001 rep-
Air temperature was measured with five sensors. For theesent the latter case while particles in 2002 were completely

profile shown in Fig. 1 four of the five sensors agreed, toevaporated.

within <£0.5K, the precision of the measurement, while the

fifth was warmer. These measurements indicate, for the mead.1 STS particle evaporation at 250 K

sured water vapor and 11 ppbv HYChat below 19.5km

the measured temperature was K above temperatures re- Variables such as temperature, saturation vapor pressure, par-

quired for STS. While STS are unlikely between 16 andticle size and particle mass fraction change in the inletas STS

20 km, the temperature is below the NAT point, so the pres-Particles evaporate. Figure 2 shows the modeled changes in
ence of PSC particles can not be ruled out. these variables for a 1 um STS particle along the heated inlet.

Figure 2a shows the saturation vapor pressure @ ktot-

ted line) and HNQ (solid line) over the STS particle. The
4 Model results and discussion change in the inlet temperature (solid line) and particle size

(dotted line) is shown in Fig. 2b. As can be seen, the STS par-
Strict comparisons between model and observations are pogicle evaporates back to SSA in about 0.04 s. Figure 2c shows
sible for cases when PSC particles do not evaporate comthe change of mass fraction of HNOH,O and BSO, as

www.atmos-chem-phys.org/acp/5/97/ Atmos. Chem. Phys., 5, 97-106, 2005
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9 Dec 2001 Esrange, Sweden. Inlet temperature: 250 K.
T T T T T T T T

£ a) Z=25 km ¥ b) Z=24 km 1
n P=22.8mb7t P=25.9mb
10°¢ 0=550 K = 9=540 K 3
10°F Ambient STS = ]
~ 10tk 4
ET ¢
© L
Z 10% E
10°F 3
ni ]
10 S E
1 E t H‘H} t —t H‘H\ t —t H‘H\ —t——
025 c) Z=23.5km
N i P=27.7mbT
107 2 0=530 K =
100;* =
~ 10'L E
& F
o L
Z 10%% i
10°L
10*L
Il sl " Lo Il " Lol

0.1 1 10 0.01 0.1 1 10
Radius (um) Radius (um)

0.01

Fig. 3. Cumulative size distributions fitted to measured ambient STS particles, and to evaporated (measured and modeled) STS patrticles a
~250K. The solid lines are the fitted size distributions. All measurements are averages over homogeneous cloud regions. The error bars ar
the standard deviation of the averaged measurements. Half error bars are used when the lower half of the error bar extends to the abscissa.

the STS particle passes through the inlet. This illustrates the Observations in 2001 showed that the second mode me-
large variations in mass fraction, with implications for satu- dian radius of the predominantly STS cloud decreased by
ration vapor pressure (see Fig. 2a), over the lifetime of a STS5-80% after passing through the heated inlet. In contrast,
particle in the inlet. The mass fraction of HN@nhcreases for measurements in predominantly NAT clouds, the median
initially as more of the HHO evaporates. As the HNOnass  radius of the second mode decreased by 30-40%. This sug-
fraction increases, the saturation vapor pressure of §INO gests that NAT particles evaporate slower than STS particles.
will increase and evaporation of HNQwill also increase. Therefore Fig. 3b is probably not a representation of a ho-
After 0.03 s in the inlet the mass fraction of HN@ecreases mogeneous STS region in the cloud. The shapes of the PSC
rapidly. size distributions in Fig. 3 all show a weak second mode near

Figure 3 shows ambient and evaporated STS particle mea2 HM. This mode must result from a nucleation barrier, sug-
surements for four STS regions sampled in 2001 compare@esting NAT mixed with the STS particles.
to the modeled evaporation. The measurements are shown
as cumulative size distributions (the number concentratiord.2 STS particle evaporation at 290 K
for a given size is the number of all particles greater than
this size). The model fits well with observations in Figs. 3a, In 2002 the temperature in the center of the inlet was in-
3c and 3d. For Fig. 3b the model shows too much evaporaereased to about 300K. The temperature at the end of the
tion compared to observations in the size range 0.2 to 1.0 pminlet was about 270K. The reason to increase the temper-
This may result if some of the particles are NAT, which evap- ature for the 2002 case was to evaporate all PSC particles
orate slower than STS. Note that the heated inlet instrumento SSA for microphysical modeling. The bend was also re-
did not measure patrticles larger than 1.25 um. The fitted cumoved to omit any loss in the bend. In 2002 the PSC con-
mulative size distribution for particles larger than 1.25 um is sisted mostly of STS droplets (Larsen et al., 2004). Fig-
thus estimated, and modeled and fitted size distributions canre 4 shows the comparison between the measurements and
not be compared in this region. model at two different times during the flight. Figure 4a

Atmos. Chem. Phys., 5, 97-106, 2005 www.atmos-chem-phys.org/acp/5/97/
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et temperature: 290 K.

@ 6 Dec 2002 Esrange, Sweden. Inl

10° L s o L s e e L e e e e e e

Fa Z=23.7km7 b)
P=25.5 mb

Z=24.3km]
. f P=22.7mb
10k 8=532 K 0=550 K 73

Ambient STS
Z ]

10

10tF

N(cm?)

-2 7 Evaporated
107 STS
10°F .
£ Measured +—>

10%¢ Modeled >

0.01

| L L L L T L PR | L PRI SR L Lo
0.1 1 10 0.01 0.1 1 10
Radius (um) Radius (um)

Fig. 4. Same as Fig. 3 but for measurements in 2002 where the inlet temperature2@8¥. (a) shows an example of STS particles

that have evaporated back to SSA whil® shows an example of STS particles that have not evaporated completely. This part of the
cloud probably also contained a few large NAT particles. The error bars for the 2002 case represent the Poisson counting error since these
measurements are not averaged over homogeneous regions of the PSC, but rather represent a single 10 second integrated measurement.

9 Dec 2001 Esrange, Sweden. Inlet temperature: 250 K.
T T T

10°€
) Z=255km< b) 255 km
" P=185mb =188 mb
10°e _— 6=596 K 6=584 K 3
10°F ]
_1:
T W0F Ambient NAT 3
e L
Z 107 3
10%L ]
F Evaporated
10°E NAT 4
001 01 1 10 o001 01 1 10

Radius (um) Radius (um)

Fig. 5. Same as Fig. 3 but for averages over NAT layers sampled in 2001. Dashed line is modeled evaporation using vapor pressure for
HNO3 and HO extrapolated in proportion to the latent heat of fusion for the trihydrate. Dotted line is modeled evaporation where the vapor
pressure for HN@and H0 is extrapolated for pure HNand HO.

shows a measurement of PSC patrticles evaporating to SShnger time to evaporate, suggesting that about 20% of the
and is typical of over 80% of the measurements. In aboutobservations in 2002 were in a mixed phase cloud.

20% of the measurements, large particles did not evaporate

completely even though the model predicted complete evap4.3 NAT particle evaporation at 250 K

oration (Fig. 4b). Attempts to explain these observations by

assuming that the inlet temperatures were at the minimum ofigure 5 shows averages of measured ambient and evapo-
the range measured, or that particles experienced the maxfated particle size distributions over two NAT layers sampled
mum flow, which is twice the mean flow, were unsuccessful.in 2001. The modeled evaporation is calculated for the two
The second mode shown in the heated inlet observations arf@xtreme assumptions for HNGand HO vapor pressures.
also not likely to be SSA. Above and below the cloud all size The dashed line shows the modeled evaporation using the
distributions show only one mode or a weak second modé/apor pressures extrapolated from the latent heat of trihy-
(Deshler et al., 2003b). This is similar to other measurementgirate. This modeled evaporation of NAT particles from about
of SSA in the Arctic (Deshler et al., 2000; Lee et al., 2003). 1 to 3 um shows insufficient evaporation compared to obser-

The large particles are probably NAT particles which need avations. The dotted line shows the result for vapor pressures
extrapolated using the latent heat of the pure materials. In
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this case the model is closer to the measurements, howevemodel. For~20% of the measurements at 290 K there were
the correct evaporation may lie between these extreme as few large particles which did not completely evaporate.
sumptions about the vapor pressures. The two models corFhese probably represent the measurements of a few large
verge for evaporated particles larger than 1.5-2 um. In thidNAT particles in these regions of the cloud.

size region, the change of radius due to evaporation is low For NAT particles in the 2001 case we are still uncertain
and the apparently large decrease in radius is due to loss @fow the particles behave at high temperatures but with strato-
particles in the bend. Thus the concentration of large parti-spheric partial pressures. When it is assumed that the compo-
cles decreases, but not due to evaporation. sition of the trihydrate does not change, the model shows in-
Figure 2 shows the modeled change in saturation vapogufficient evaporation compared to measurements. To model
pressures and size for a 1 um NAT particle. The vapor presthis case properly requires an expression fodtnd HNG
sures from extrapolating HNOand HO saturation vapor vapor pressure as function of temperature and mass fraction
pressures in proportion to the latent heat of fusion for thefor the frozen HN@-H,0-H,SOy particle.
pure HNQ and RO are assumed in this case. The horizon-  oyerall the heater was found to do an adequate job of

tal dashed line show the measured evaporated size related,aporating PSC particles back to their SSA origins, and the
to the 1 um measured NAT particle. Since the compositionygge| developed here to do an adequate job of reproducing
of NAT is assumed to remain constant, the saturation vapohe opservations within reasonable assumptions. The evap-
pressures over NAT are only a function of particle temper-gration and our understanding of it becomes relatively less
ature. Therefore, as the particle temperature becomes CORsprtain for NAT than for STS. The largest unknowns for the
stant, the saturation vapor pressures do not change (Fig. 2a)nodel are the actual temperature the particles experience as

It has been suggested that rapid heating in the inlet coulghey pass through the inlet and the vapor pressures over NAT
cause solid NAT particles to instantaneously melt; howeverparticles at high temperature. One surprising result is the ob-
this is not supported by the model. Using the STS modelseryation that the evaporation measurement may be able to
for predominately NAT distributions, assuming that the NAT yncover a small fraction of NAT particles embedded in pre-
particles liquefy, causes an over prediction of measured evapjominantly STS clouds.
oration.

Evaporation of a solid NAT particle that does not maintain

its 3:1 stoichiometry is not considered since we are not awaré\CknOWlE(jgementSThankS to C. Wilson for originally suggesting

of an expression for vapor pressures for a frozen HNO we include a heated inlet measurement on the gondola and to N.
xp I vapor p u z Larsen for helpful comments on this paper. The excellent balloon

HZO_'HZSO4 particle as a function of temperature and massoperations were completed by the Centre National d’Etudes
fraction. Spatiales with support from the Swedish Space Corporation. This
research was supported by the Commissions of the European Union
through the Environmental and Climate program and the U.S.
5 Conclusions National Science Foundation (OPP-0095158).
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