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Freezing of HNOs/H2SO,/H,0 Solutions at Stratospheric Temperatures: Nucleation
Statistics and Experiments
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Calorimetric freezing experiments with aqueous sulfuric and nitric acid solutions are presented and applied
to the formation of polar stratospheric clouds (PSCs). We show that the nucleation of hydrates from these
solutions is a stochastic process and that nucleation rates and their uncertainties can be determined using
Poisson statistics. Under thermodynamic equilibrium conditions above the ice frost point, the homogeneous
nucleation rates of stratospheric aerosols are exceedingly low, ruling out homogeneous freezing as a pathway
for PSC formation. Several stratospherically important substrates were tested concerning their ability to induce
heterogeneous nucleation. None of the experiments indicated a relevant enhancement of the freezing probability
of liquid aerosols. Moreover, the experiments reveal that the freezing process of the solutions under
stratospheric conditions is limited by the nucleation rates of the hydrates, rather than their crystal growth
rates, thus ruling out the possibility of a glassy state of stratospheric aerosol droplets. Also, we argue why
a glacial state of the aerosols seems to be unlikely. The only processes leading to freezing of the hydrates
appear to be the heterogeneous nucleation on water ice crystals forming below the frost point and the
homogeneous freezing of almost binary HM@O droplets with HSO, concentrations below approximately

0.01 wt %.

1. Introduction stratosphere are not yet fully clear. It has been argued that the

There is growing observational evidefckbased on remote chemical reaction probabilities_; of chlorine compounds on Iic_]ui_d
sensing® andin situ measuremenfd that stratospheric sulfuric ~ Surfaces as compared to solid hydrate surfaces are of similar
acid aerosols may remain liquid to the lowest polar winter MagnitudeX* However, liquid particles may show even higher
temperatures despite a considerable supersaturat@®) (ith reaction probabilitie®26 and develop different volumes and
respect to the hydrates of sulfuric and nitric acid. The liquid Surface aredscompared to solid particles at the same temper-
state of the aerosol falsifies the conventional three-stage cénceptature, possibly leading to large differences in chemical chlorine
of (1) having frozen HSQYH,0 aerosol particles at temperatures Processing. The complicated processes of coupled gas and
above 195 K, (2) the formation of nitric acid trihydr&té! liguid phase diffusion, interfacial mass transfer, and liquid phase
(NAT, HNO3-3H,0) atT < 195 K on the largest }$OJ/H,0 reactivity have been described in a satisfactory fashio@n
particles due to sublimative nucleation, and (3) the formation the other hand, a full comparative modeling of liquid and solid

of water ice at temperatures below the frost poihtg( 188 K) chemical processing is still hampered by our lack of knowledge
on the largest NAT particles, again due to sublimative nucle- of the two principal nucleation mechanismsublimative nucle-
ation. ation on solid nuclei and freezing of hydrates from binary or

On the other hand, field measurements show the widespreadternary liquid aerosols. While there is only limited quantitative
occurrence of crystalline polar stratospheric clouds (PSCs) aboveinformation on sublimative nucleation raté$8 a number of
the frost point2—14 At present there are several theories of laboratory experiments have been undertaken to investigate
how solid PSCs form. Early studies suggested that NAT would freezing nucleation using liquid bulk samgie&-2%32 or droplet
form in stratospheric droplets due to the uptake of HM@ich ensemble¥~35in order to estimate the freezing rates. A sound
is more soluble at low temperatur®s® Also different theoretical interpretation of the experiments is lacking, and too
metastable hydrates have been observed in laboratory measurerigh freezing rates have been erroneously deduced for H:NO
ments and have been proposed to form in the first place insteadrich solutions, for which only Koot al?! demonstrated their
of the thermodynamic stable NAT: nitric acid dihydréte  negligible freezing probability.

(NAD, HNO3:2H,0), nitric acid pentahydrat&é (NAP, In this work we present new experimental data for freezing

HNO3'5H,0), and a mixed hydrat® HNOsH,SO;-5H,0 rates of sulfuric and nitric acid hydrates from binary and ternary
(MIX). Recently, some field measurements have been inter- b, sojutions together with a theoretical derivation of the

Ereted }gr(‘) terms of nitrichacid _decfahylgrfate or even _higher statistics of the nucleation process which allows the evaluation
ydrates? In contrast, on the basis of bulk freezing experiments ¢y, ik phase and aerosol freezing experiments in a self-

it has bleen grgued tlhk?t homogg.r:.eous free2|lng of tergalr y I'?ﬁ“dconsistent way. We show that a careful setup of the experiments
aerosols under equitibrium conations can on'y 0CCUr bEIOW € ;4 haaqeq in particular to avoid the formation of frost or nitric

> o S .
froﬁ’; pOIlnti_ Othgtrhthtlaonel_sklnvolve tkt].e forrEgtlr? nof ?r‘lr;_o rphous acid hydrates on the containment walls which inevitably falsifies
solid solutions with glasslike properties which crystallize upon .o, voqjts. The new data, in combination with data from the

> o U
\(/:v(;ir:g?\gati?) rn;hzr:%rin%?enz?isrbfézefzrgg g‘ L(jjilri(t)ﬁilﬁ;[i ;\:Jheois existing literature, are used to calculate upper bounds for the
gnly p q rates of homogeneous nucleation of the various hydrates. From

strong temperature fluctuations in lee waves. ) o
R . . this, we corroborate our earlier findings that the hydrates under
The consequences of the uncertainties in our microphysical - o o .
thermodynamic equilibrium conditions are very unlikely to

understanding of the aerosol for the chemical modeling of the . .
nucleate homogeneously in stratospheric aerosol droplets above
€ Abstract published ilAdvance ACS Abstractdanuary 1, 1997. the frost poing! Even heterogeneous nucleation of the hydrates
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appears to be unlikely unless the stratospheric aerosols contairradioactive decay)Pq(t) can be regarded as the probability that
nuclei many orders of magnitude more effective than the glass a sample is still liquid after timé because no nucleation has
walls of the experimental setup and the nuclei in the unfiltered occurred.
acidic solutions. In addition, we show that a glacial (solid The exponential decay is also revealed by assuming that
amorphous) or glassy state of stratospheric aerosols is verynucleation is a first-order reactié3® However, this approach
unlikely. refers to a large ensemble of identical samples or a large number
Applied to the stratosphere this means that aerosol particlesof repeated experiments with one sample, while we used a
under equilibrium conditions freeze only below the frost point molecular description which allows derivation of an upper bound
and that the formed ice crystals may serve as nuclei for the for the nucleation rate coefficient also when only a single
formation of nitric acid hydrates and/or sulfuric acid hydrates. experiment with one sample has been performed.
Alternatively, a possible freezing mechanism above the frost To apply Poisson statistics to the freezing process, it should
point is the formation of almost binary HN,0 droplets with be noted that after the first nucleation act usually the entire
very little H,SOy, but this requires high cooling rates as they sample rapidly crystallizes and the measurement has to be
occur in the atmosphere only in orographically strongly stopped. To obtain statistical information, the same experiment
perturbed regions. At present neither the microphysical nor the must be repeated several times (while resetting the time to zero
meteorological conditions under which such a mechanism works for each trial), or alternatively several equal samples must be

are fully understood. used simultaneously. We now considey equal samples, e.g.
_ . test tubes or aerosol droplets, each containing enough molecules
2. Theoretical Section mso that eq 2 applies. The probability thag samples do not

|. Statistics of the Nucleation ProcessWe first investigate ~ "ucleate within an observation tintés given by
the case where the crystallization of a sample after nucleation N ()
is much faster than the nucleation process itself. In section 2.1V P)=e ' = it
we generalize the description for cases with slow crystallization. Moy
For stratospherically relevant systems the crystallization time
is usually so short that it can be neglected, as shown in sectiontence, the number of nucleation events as a function of time
2.V. should follow an exponential curve. The approximation in eq
Nucleation is a stochastic process, similar to radioactive 5 becomes more accurate as the number of sampless
decay. This means that the formation of a critical embryo, i.e. increased, but even for rather smaj (x5), the slope of the
a successful nucleation act, does not depend on the number ofXponential can be used to calculate the nucleationwafhe
trials that have taken place previously, and that different Other Poisson function® (k = 1) for the probability of
nucleation acts are independent of each other. observingk nucleation events within a specific time interval
Consider an ensemble af molecules each of which has a  can be related to experimental data by
probability p to become the center of a critical nucleus during ‘ )
a certain observation time. Then the probability to obsérve P(t) = (1) ot n“q_(t) (In[&]) (6)

()

nucleation actsP(m), is given by the binomial distribution k! NioiK! Nig (1)
P(m) = lLilpk(l — p)m*k (1) The prop_erties of Poisson st_atistics can be used_ to determine
Ki(m — k)! the nucleation rate from experiments in the following manner:

If in an experimenty,c samples nucleate after timggg; (i =
0 ... Nhg andn;q samples remain liquid over timeg,i (i = 0
... Nig), the total observation time is

In a bulk sample of 1 cé mis usually of the order of 13,
and even in a km dropletm is still about 18% For largem,
but small p and hence a very small molecular nucleation
probability, eq 1 simplifies with the help of Stirling’s formula Niig Nhuc

(see Appendix 1) and yields the Poisson distribution tor= % bigi T % tuci (7)

(mp* -
P (m) =~ K € P @ and the nucleation rate may be obtained from

When the probability for a single molecule is sufficiently small o o
(p < 1), it simply increases linead§ with observation time N, .= Z)kPk(ttot) = Z
(pO1). Therefore, we define a constant rate= mp't, which k= k=
is the nucleation rate of the whole sample (if)s while t is @ (wtg) " @ (wtg)"
time (in s) andp/t is the nucleation rate for a single molecule oty —— g @t — oty
in the sample. We obtain the Poisson distribution for nucleation = (k— 1) &= (K)!

— ot
e Yot =

(wttot)k
k
k!

wtot
e tot —

k - p—
P (1) = %e*aﬁ (3) w%tkzopk(ttot) = oty (8)

The functionPy(t) is the probability for observing exactly wherek =k — 1 and the normalizatiofi_, Pk(to) = 1 was
incidences of nucleation within the time interval [0, In used. Thus,
particular, fork = 0, which means that no nucleation occurs as
time progresses, it is @ =" 9)
ot tiot
Pty =e ™ 4
If nnyc is the expectation value for the number of nucleation
which is the well-known exponential decay law (similar to events, eq 9 yields the most likely value forunder arbitrary
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experimental conditions. However, also for higher or lower
values ofw the probability forn,, nucleation events to occur
within ty is greater than zero. This can be used to derive a
statistical uncertainty im for a given number of detected events
on a fixed confidence level. The lower fiducial limit, wiow,

is defined such that less thap,c nucleation events would occur
with a probabilityx if wiow Were the true nucleation rat:

Myc—1 - nnuc*l(a)lowtw‘)k
X= Z} Pt = € Vo 20 —— (10a)
= = k!
Correspondingly for the upper fiducial limityyp:
o Mhuc (wupttot)k
X= ——— (10Db)

Plti) = 1 — & Z)
=

k=Nnuct1

The probabilityx is also called “confidence level”, i.e. the
probability forew > wiew (€q 10a) andy < wp (€q 10b). Note
that the probability forwiew < v < wyisp=1— 2(1 — X).
Even if no single nucleation event occurs, = 0 ), eq 10b
allows an upper fiducial limit fow to be determined

=—In

Lot ( X)

We applied this equation in our earlier wétko calculate upper
fiducial limits for the homogeneous nucleation rates of ternary
solutions. Typical values for upper and lower fiducial limits
for different numbers of freezing events on a confidence level
x = 0.999 are given in Table 2 in Appendix 2.

For large numbers of nucleation events,{¢ = 100), as for
example in aerosol chamber experiments evaluation of egs 10a,
becomes cumbersome but can be facilitated by reducing the
binomial distribution of eq 1 to the normal distribution (see
Appendix 1)

1
- oo

with 02 = mp(1 — p). As long as the expectation valog, =
mp<< m, o can be approximated hy? = n,,. The lower and
upper fiducial limits forw are then (Appendix 2)

1 1

1_

w (11)

up

_ 2
_w) 12)

20°

(o= [+ @) 2 erf H2x-1)]) (132)
tot

_1

up 1

ttOt

Wyow =

w (Mot [1+ (2n, 0" erf Y(2x—1)]) (13b)

where erfl is the inverse error function (see Table 4).

A typical application for the normal distribution fiducial limits
are aerosol chamber experiments with FTIR-spectroscopy for
the detection of freezing? > For example, ifipye= 3 x 1P
out of ny = 1P particles are detected to have nucleated after
a certain observation time, the statistical uncertainty in the
number of nucleation events on a confidence level 0.999
can be calculated from the term in square brackets in eqgs
13a,b: [1+ (2nndY2erf1(2x—1)] = 1694. Hence, the relative
statistical uncertainty is 1694/ 10°) =~ 0.6%, which is much
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measured rate (in s71). Often, several competing nucleation
processes exist simultaneously in one sample. For instance, the
sample might be supercooled with respect to different solid
phases, or both homogeneous and heterogeneous nucleation are
possible, or there are several heterogeneous processes when the
solution is in contact with substrates of different surface
properties. Since the corresponding processes are independent
of each other, the total probability that no nucleation occurs,
Po.wof(t), is the product of the probabilities that none of the
individual processes induces nucleation

PO,tol(t) = PO,l(t)PO,Z(t) PO,n(t) (14)
Rearranging eq 14 with the help of eq 4 leads to
Py oft) = e “ot=e e e (15)
' — q(o1twrt.. topt
=e
so that
W= 0+ 0, + ...+ o, (16)

For instance, the experimentally determined tafer a sample

of volumeV in contact with two substrates with surface areas
A; and A; supercooled with respect to a single solid phase is
given by

W = Wpom + whet,l+ whet,Z

) : 17)
=IV+ A T A

whereJ = J(T, ¢) (in cm2 s™1) andj; = ji(T, ¢) (incm2s71)

are the temperatureT) and concentration cf dependent

homogeneous and heterogeneous nucleation rate coefficients,

gespectively. While it is often difficult to separate these

processes experimentally, the determinedlways constitutes

an upper bound for each individual rate coefficient. Also, often
one of the rate coefficients is much greater than the others, and
then dominates the total nucleation rate coefficient.

It should be noted that up to here experimental conditions
like temperature and concentrations were assumed to be constant
(i.e. w is time independent). SincBy in eq 5 satisfies the
differential equatiofy-38

dP,
0= —0Py) (182)

a generalization for time-dependent parameters is given by

Mg ()

tot

= Py(t) = exp(- jgw(T(t),C(t)) d)  (18b)

From eq 18Db, in principle, the nucleation rate for a range of
parameters may be retrieved. However, the unfolding of the
integral requires many measurements, so that it is usually more
feasible to cool the sample to the desired temperature and then
to keep it constant. Time zero then is the point when the sample
reaches the desired temperature (and not at the beginning of
the cooling).
Ill. Statistically Inhomogeneous Ensembles.The formal-

ism provided in section 2.1 assumes that each of the samples is
subject to the same mechanisms causing the nucleation. This
is true, if they all have the same temperature, volumes, and

smaller than the typical measurement uncertainty for the concentrations and are exposed to the same solution impurities
detection of the frozen fraction in FTIR experiments (usually and heterogeneous surfaces. However, in a real experiment this
~5%). Therefore the statistical uncertainty can be neglectedis not always the case. Different test tubes can behave very
in this particular case. differently concerning heterogeneous nucleation due to the
II. Nucleation Rate Coefficients. Next, we examine the  presence of active sites on the glass, e.g. in the vicinity of a
underlying physical quantities that can be retrieved from the scratch. As we will show below, the presence of different
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nucleation processes is often suggested when a subset of the L L A A S S EA N

samples freezes much more rapidly than the others. Theoreti- 225 3 E

cally this can be described as follows. We assume that all 200 £ 'n_‘..SAT from 1:4 ]

samples are subject to a slow nucleation process with a rate ! ]

wsiow- In addition, a fractiort of the samples is subject to a 215k 3

second nucleation process with a ratgleading to an overall i P N ]

rate wrast = wsow + w2. Hence, the freezing probabilio(t) < 210 ,,' ‘\';';-..,... 3

of all the samples can be expressed as the sum of two == . ! SAH from 1:6.5 ~<-

exponentials weighted by: = 205 - !
8 l

Po(t) = ae st + (1 — o) s (19) 200F ; 3

. . . . . 195F ""-.l i wel

The additional nucleation process is an experimental artifact L Tt b SAT from 1:6.5

(e.g. from not using identical tubes). If such an artifact occurs, 190F T 3

following the formalism of Poisson statistics as described above it
would overestimate the upper bounds for the individual homo- 0 5 10, 15_ 20 25
geneous and heterogeneous nucleation rate coefficients. This time [min]
is because the upper bound is then not determinedshy; as Figure 1. Sample temperature during crystallization for different
would be correct, but by H,SQWH,0 solutions at stratospheric temperatures. Samples of*2 cm
volume in a glass tube were insulated by foam from the environment.
+n Three different experiments are shown: solid line, SAT crystallizing
nuc,slow_ from a 1:6.5 solution; dashed line, SAH crystallizing from a 1:6.5
Lot solution; dotted line, SAT crystallizing from a 1:4 solution. The nature
_ In(ae—wfasgm +(1- (x)e_ws"’“h‘") of th_e crys_talli;ing solid was checl_<ed afterv\_/ard by determining the
(20a) melting points in each case (SAT/ice-eutectic, 200 K; SAH, 220 K;
tiot SAT, 245 K).

_ nnuc,fast
Wior =

with the lower viscosity of the latter solution. On the other hand, in
the 1:6.5 solution the crystal growth of the sulfuric acid
huc fast _ Phuc.stow hemihexahydrate (SAH, $$0,-6.5H,0) is very fast as can be
too Wgjow = Tyon (20b) seen in Elgure 1. Usually, th?, larger the difference in
concentration between the crystallizing hydrate and the solution,
the slower the crystal growth. The reason is that the limiting
step for a solution with the ideal stoichiometry is merely the
reorientation of the molecules to be integrated into the crystal
lattice and the diffusion of heat, while in a solution with nonideal
Stoichiometry a diffusive flux has to maintain the necessary
molecular transport to the growing crystal. Furthermore, the

n

Wiast =

wheretst andtgow are defined similar to eq 7. Equation 20a
reduces tav: = wiastWhen the additional process is present in
all samples ¢ = 1) and towwt = wgow in the absence of
experimental artifactso{ = 0). It is clear that the additional
process must be a heterogeneous nucleation process, becau
homogeneous nucleation is possible in all the samples. When- . > o
ever feasible, an evaluation of freezing experiments should be 9€9ree of supercooling plays a role as it is the driving force for
the crystal growth. In Figure 1 the 1:4 solution at 191 K is

performed according to egs 19 and 20b instead of the averaging . ; ; )
procedure in eq 20a. Examples follow below (see Figures g SuPercooled by 53 K with respect to SAT, while SAH in a 1:6.5
and 9). solution is supercooled only by 25 K, leading to a faster crystal

IV. Nucleation and Crystallization. Nucleation measure- ~ 9rowth of SAT. In the light of these considerations we can

ments are complicated by the fact that nucleation does notmodif_y eq 9 to take account of the finite crystallization time.
necessarily lead to instantaneous freezing of the sample. Forf OF Simplicity we treat only the case that all samples freeze

example, calorimetric freezing experiments rely on the release (tot = 3™ tnuci in €9 7):
of latent heat which is monitored as an indicator of the formation

of a more stable phase. Nucleation leads merely to the ,, — Mhuc — Mhuc Y N S
formation of a stable germ and even after some time the growing "*° touci tobsi — Muuderyst  \@Pobs Parys
germ is still so small in size that the latent heat release is too (22)

small to be detected. Only after the germ has grown to a size ) o ]

large enough to increase the temperature of the entire sample, Here,wnucis the statistically averaged nucleation rate.
freezing and therefore nucleation become detectable. Therefore= JV for homogeneous nucleation@h,c= jA for heterogeneous
the measured freezing tintgis the sum of the time the sample ~ Nucleation) wonsis the observed freezing rate witdys = touci
needs to nucleaté,,, and the time the germ needs to grow to T teryss @ndweryst = toyst IS the inverse of the crystal growth

an appropriate Sizégys time (which depends on the sensitivi;y of the device used to
detect the germ). The crystal growth time leads to a systematic
b = thue T Loryst (21) offset of the freezing times, and eq 5 is not obeyed when

assumingw = weps Hence, if in a freezing experimenteryst
The crystal growth timeteys;, depends on the stoichiometry of  is much smaller thamn, it is not possible to measure the
the growing crystal, on the concentration, supercooling, and nucleation rate. In this case the freezing process depends
viscosity of the liquid solution under the experimental condi- entirely on the growth habit of the crystal, whose details are
tions, and on the method used to detect the germ. For exampleusually not sufficiently well-known to obtain reliable informa-
the crystal growth of the sulfuric acid tetrahydrate (SAT, tion onJ. Then, instead of using a simple calorimetric device
H,SOy-4H,0) is very rapid from a solution with a stoichiometry  (see Figure 5 below), more sensitive techniques like differential
of H,SOy:H,0 = 1:4 (=57.6 wt %), while it is much slower in  scanning calorimetry or optical detection of the germs may be
a solution of 1:6.5445.6 wt %) at the same temperature despite used in order to increase the ratio @fysiwnue Surprisingly
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only liquid stable 2801 A
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Figure 3. Phase diagram of the binaryp$Qy/H,0 systerf® together

Wcrit 0 > with the glass point3y and the critical temperatures for fast crystal-

_ ) lization Tei. Solid lines are two water uptake curves under strato-
Figure 2. Schematic plot of the temperature dependence of the gpherically relevant conditions (for 5 ppmw® at 50 and 100 mbar
nucleation ratewpnue and the crystal growth rateyeys, for a solution altitude); the dotted lines are their extensions to lower temperatures
of given composition and volume in the investigated binary and ternary and are only relevant under volcanically strongly perturbed conditions.
HNOs/H2SQ/H,0 system T, denotes the melting poirifyis the glass  asterisks are the glass points measured by Vuiifeadd Ji® Squares,
point, andTeri is the temperature at which the crystal growth rate T_; determined by Beyé? (heating ratex 2 K/min); triangles, Tei
overcomes a critical valueyei. measured by % (heating rate 10 K/min); circleg,.; as measured by

Zhang® (heating rate 4 K/min); diamonds..;: determined in this work

this is not necessary for the HN®I,SOy/H,O system under  (heating rate 2 K/min).
stratospheric conditions becausgysiis much larger thamwnyc,
thus revealing the very small tendency of this system to nucleatetemperatures arountk;;. An important question is to which
and at the same time its ability to rapidly crystallize upon region liquid aerosols under polar stratospheric conditions
nucleation. This enables the nucleation rate to be determinedbelong. As we will show in the following sections, the available
from bulk freezing experiments. In the limityyst™> wnye the laboratory measurements suggest that stratospheric aerosols
statistically averaged freezing rate becomes the nucleation rateusually belong to region 1 and sometimes to region 2, while
and eq 22 reduces n,c = wops N this case the determined  region 3 seems to be achieved only at temperatures well below
nucleation rates are directly applicable to stratospheric aerosols stratospheric conditions. This reveals that in all cases investi-

Figure 2 is a schematic plot of the temperature dependencegated in laboratory work so faberyst is sufficiently large such
of wnucandwcrystfor a solution of given composition and volume  that w,c constitutes the rate-limiting step for freezing.
in the investigated binary and ternary HB,SQ/H0 system. V. Crystalline versus Amorphous State. It has been

The crystal growth rate is correlated with the supercooling of proposed by Tabazadet al22 that amorphous glassy aerosols

the liquid, because it is limited by the diffusion of the released .4 exist under stratospheric conditions and that these particles
latent heat and therefore increases with decreasing temperaturg, ot crystallize despite already being nucleated at low

below the melting point,. At lower temperatures the viscosity temperatures. This implies that these aerosols would belong

.Of th? f_OIUtl')OH and the|d|ffust|r(:2 act(ljvatlon energy _for tSeI_'lgns in region 3 in Figure 2, and crystallize only upon warming after
In solution become so large thatys decreases again. Uniike Weryst > Wit IS reached. Field observations (ER-2 d&tdand

werysy the nucleation ratev,,c needs considerable supercooling balloon-borne measuremetfls seem to support this idea
before appreciable rates are reached. Due to its highly nonlinear

) ..~ Alternatively, there is also the possibility that the liquid could
dependenceyn,c then increases steeply and decreases similar . .
. . convert into an amorphous but nonglassy solid state (called
t0 weryst When the solution becomes more viscous. Below the

glass point,Ty, the viscosity has reached such high values that glaclzlal phaig) at SOTTF k;W temperellturtt)a above the g(;a?s po_mt
both wnyc and weryst become negligible, because the liquid has (polyamorp |s.m). IS has recialnty een proposed for tri-
turned into a glass. It remains in this amorphous state phenyl_phosphlte (TPP) by Het al: Howeyer, we show that .
irrespective of whether stable germs have been formed during't is u.n.llkely that such amorphous states exist under stratospheric
the cooling phase or not. If stable germs are present, crystal-cond'tlons'. Rather, we W'”. show that crystal growth at.
lization occurs on reasonable time scales only after the samples'[r"’ltosr_)he_rIC temperatures is fast enpugh to lead to rapid
is warmed up to a temperatufBy, at which the crystal growth  crystallization of a droplet after nucleation.

rate overcomes a detectable valug;. It is well-known that HSOy/H,0 solutions readily supercool
We can define three subregions along Theaxis between  and form glasses at very low temperatures. The glass pfints,
Tm andTy (marked as +3 in Figure 2). In region 2, bottnuc Ty, have been measured calorimetrically by several authors and

andawcrystare above the threshold valuer, implying nucleation are shown in the phase diagram 0§S®©,/H,0 in Figure 3

is favorable and crystal growth is sufficiently fast. In region 1, (asterisks). Superimposed on the phase diagram are two curves
weryst IS large enough, bubn,c is too small to induce freezing.  indicating the concentration of a sulfuric acid droplet for typical

In region 3,wny is large enough to lead to the formation of water partial pressures (5 ppmy®i at 50 and 100 mbar total
stable germs, which, however, cannot grow becavgg: is pressure). Clearly, the glass points are about 30 K below the
too small. Thus, the liquid state can be maintained for long droplet concentration curves, showing that glasses do not exist
times, and the liquid crystallizes only upon warming to in the stratosphere. However, this does not yet exclude the
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o80F T T T TABLE 1: T4 and Teit Values for Ternary H,SO/HNO4/
k H,O Solutions
2601 Liquid Phase k heating rate
[ ] HSOs (Wt %) HNOs (Wt %) Tg(K) Teie (K)  (Kmin™)  ref
240 F ] 25.9 21.2 154 163 <2 1
[ ] 152 160 <2 1
1 1 14.0 33.1 150 156 <2 1
< 2201 / 151 156 <2 1
= ! ] 7.5 39.5 147 157 <2 1
200 / ...... i ] 150 158 <2 1
L —— 00 ] 3.9 41.2 152 156 <2 1
180k 7 St i 152 156 <2 1
- RPN A oo o 1 25 36.3 145 165 <2 1
LA C o 145 164 <2 1
160 o KKK B ¥ - 43.6 35 nrA 176 ng 2
xR Roodog, x o o 39.2 6.0 nm 179 ng 2
140 ‘ * . . ] 38.7 8.6 nm 185 ng 2
= — A . 22.1 25.1 nm 188 ng 2
Y 20 40 60 80 100 9.2 33.0 nm 173 ng 2
HNO, [wt-%)] 7.6 39.5 nm 180 ng 2
Figure 4. Phase diagram of the binary HMBI,0 systerfi’ together ggg gg 12; 13% i g
with glass pointdy and the critical temperatures for fast crystallization 42.4 2:8 151 184 4 3

Teit. The lines indicate the water uptake curves for the binary INO
H,O system (for 5 ppmv kD at 50 and 100 mbar altitude), while only aReferences: 1, this work, 2, Bey®r;3, Zhang and Molina,
their solid part is of stratospheric relevance. Asterisks are the glass unpublished result.nm, not measured.ng, not given.

points measured by Satoh and Kaffhand Ji®® Diamonds, T as
measured by % (heating rate 3 K/min); triangleg.:x measured by
Satoh and Kanrf§ (heating rate not given); squards,: measured by
Bartonet al#° (heating rate not given); circle. measured by Tolbert
et al*8 (heating rate not given).

There are only a few measurements Tfi; for ternary
solutions of stratospheric relevance, which are listed in Table
1. Concentrations correspond roughly to aerosols at 50 mbar
under volcanically unperturbed conditions. Agaig,: values
. . are well below stratospheric temperatures, as one would expect,
existence of a nonglassy amorp_hous state, if the_cryst_al g_rowth because the viscosities of the ternary solutions are between those
\év)ere too slow under stratospheric conditions (region 3 in Figure of the corresponding binary#80y/H,0 and HNQ/H,O solu-

' ons.

In addition, all solutions in our experiments that were seeded
(with NAT or ice) showed a significant freezing signal within

a few minutes, even for temperatures as low as 185 K, which
further supports our conclusion. Also, 3 €mof a 40 wt %
H,SOyW/H-0 solution was cooled to a temperature of 186 K and
then slowly warmed up to a temperature of 220 K within 6 h
without observing a calorimetric freezing or melting signature,
suggesting again that,,c was too small to induce nucleation

at any time. As discussed above, a glacial phase proposed by
®Haet al*is unlikely to be present in binary or ternary HNO

It is reasonable to assume that the crystal growth rate is zerotI
at the glass point. Hence, if a solution is cooled sufficiently
rapidly to temperatures beloWy to avoid freezing, it will not
crystallize whether or not stable germs were formed. By slow
warming of this sample, it is possible to measure the temperature
Terit Where the crystal growth becomes fast enough to let the
sample freeze. As shown in Figure 3, the measufgd
(squares, triangles, circles, and diamonds) for different composi-
tions are always below the liquid composition curves, although
the samples have been warmed up as rapidly as 10 K per minut
(slower warming ‘.NOUId lead to even !OWQ”‘)‘ This implies H,SOy/H,0 solutions, because it formed only bel@yy; in their
that a stratospheric aerosol droplet with a much smaller volume experiments.
than these samples freezes even faster once nucleated at theseAs will be shown in section 3, ternary HNB1,SOy/H,0
temperatures.

Similarly, the glacial phase observed by étal** and Cohen
et al*3 for TPP is unlikely to occur in EBOY/H,0 solutions
under stratospheric conditions. They report the glacial state of
TPP to form only at temperatures between 213 and 225 K, which
is always belowTi = 227 K for the TPP system. The same
is true for pure water, where amorphous phases form also only
below Terit (150 K in this case}* Therefore an amorphous
state of HSO/H,O should not exist under stratospheric
conditions which are too warm by at least several kelvins.

The same is true for the binary HN®BI,O system. The phase
diagram, together with the glass points (asterisks) agg
-points (open symbols), is shown in Figure 4. Here, the
temperaturesT.i: were not only determined by means of
calorimetric bulk phase measurements but also in aerosol
freezing experiment8 and thin film experiment$® The two I. Apparatus. The setup used in our freezing experiments
dotted lines are the water uptake curves for binary HINGD is a simple calorimetric device (Figure 5). The sample is
aerosols, while the solid part of these lines indicates the region contained in a sealable glass tube with an inner diameter of 9
of stratospherically relevant concentrations and temperaturesmm and a wall thickness of approximately 1.5 mm. The glass
Again it is obvious that crystal growth under stratospheric tube is positioned in the liquid ethanol cooling bath of a cryostat
conditions is fast enough to lead to a freezing of binary HNO  with a lowest adjustable temperature of about 183 K. To
H,O aerosols once they are nucleated or seeded. achieve slow cooling or warming rates and to insulate the sample

bulk solutions can be supercooled for many minutes to several
hours but freeze very rapidly upon seeding. Henggsis much
smaller tharwcys, and eq 22 reduces to

n
Wnye = = Wops (23)
Zitobsi

allowing upper bounds for nucleation rate coefficients to be
determined directly from bulk experiments. These rate coef-
ficients can be applied to stratospheric aerosol droplets to yield
upper bounds for homogeneous nucleation as well as estimates
for heterogeneous nucleation.

3. Experimental Section
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given in the present paper are sufficient to exclude the possibility

cryostat of homogeneous freezing of the aerosol with equilibrium
screw cap insulating foam conditions above the frost point, thus corroborating our earlier

/ results?!
q 7—- It could be argued that in a bulk experiment a solution would

be exposed to uncontrolled HN@nd HO partial pressures
and that this could influence nucleation at the gas/liquid
interface. However, this is not true as the solution readily
.. .. establishes the correct thermodynamic vapor pressures in the
* sample® - b small gaseous volume above its surface. Only the total pressure
oo o is different, but a dependence of phase transitions on the carrier
gas pressure is not expected nor has it been observed in

glass tube

|temperature sensor | ¢ . experiments t@ < 10 mbar®® Since the vapor pressures above
A * coolingbath- - - - the solution are usually not measured in a bulk experiment, the
— chosen combination of HNOQH,SOy, and HO concentrations
Figure 5. Experimental setup. and temperature does of course rely on thermodynamic models

i » for the liquid phasé:24° These models have now become
from the cooling bath, the glass tube can be positioned \iqely accepted, and with our experiment we can probe a range
alternatively in a second glass with an insulating foam ap- ¢ conditions around those predicted by the models. With this
proximately 1 cm in thickness. This is especially useful for ., eq¢ in mind, thermodynamic equilibrium between bulk and

the detection of the melting .and eutectic po'intg during yvarmir}g, gas can always be reached unless the applied cooling rates are
because the temperature is very stable inside the insulation,, pigh. |n this case sublimative nucleation of the hydrates
which facilitates the detection of gradual changes of latent heat. .\ 1ha” containment walls is provoked, which leads to seeding

The two low-mass (3'3 mg) Sensors for s:cml:)ltaneous eMPer- ot the solution and therefore to artificially enhanced nucleation
ature measurements have a resistance of abo@ @0 room rates (see next subsection).

temperature and are connected o a parallel circtit and an Another argument against bulk experiments could be that the
autoranging picoampere meter. The electric current flowing arg 9ainsto pe . y
are not suited for obtaining information on the formation of

through the sensors and the circuit board is approximately 10 . _ 1718
1A and stable within 0.05%. The ampere meters are connectedﬂ%%itﬁﬂ%hxqaéez (IEISKSG gwg'gfgng n;xidslj Sl(())4/HN O

H H 2 * 2Y, — &y ) -~y y eery 3
to a PC via an IEEE card, and the evaluation software collects hydrate&®). It is indeed true that the isolation of metastables

1 data point every 2 s. The sensors are calibrated in the - " .
temperature range between 177.80 K (melting point of acetone)under hlgh_ly.supe.rsatur.ated cqndmpns with respect to a stable
and 273.15 K (melting point of water ice) and for the phase is difficult, if not impossible, in bulk solutlons,. beca}use
determination of the glass points down to the boiling point of stable phases readily assume C(_)ntr_ol. In contrast, |so!at|on of
liquid nitrogen (77.35 K). The relative temperature accuracy metastables has_ been achieved in single-particle expern‘l‘?ent_s.
of the sensor and the electronics is better th#&hl K, while However, th_ere IS No reason why metastables cannot crystal_hze
the absolute accuracy i40.7 K for T > 175 K and ap- in bulk sol_utlons, and indeed we did opserve NAD and _SAH in
proximately+2 K for T < 175 K. our experiments (sge, fpr example, Figure 1) Formation ofla
metastable crystal is a first-order phase transition accompanied

With a minimum measuring time of 100 s (limited by the
: . . L by the release of latent heat that can be measured. On the other
crystal growth time) and an upper practical time limit of 10 h, hglnd in our experiments usually no phase transitions were

the range of homogeneous nucleation rates that can be deter b d at al: h th leati t both stabl q
mined is limited by the experimental sample volumes, which OPS€rved at all, hence, theé nucleation of both stable an
metastable crystals can be excluded.

were typically 0.5-4 cn¥. Thus, the minimum homogeneous _ ) )
nucleation ratelyi, is given by Jmin = 1/(4 cn® x 10 h) = In essence, the main advantage of bulk freezing experiments

1075 cm3 s°1, and the maximum homogeneous raigy = becomes evident in the case that no nucleation occurs, which
1/(0.5 cn® x 100 s)= 102cm-3sL. If the nucleation rate of leads to a smaller and therefore better confined upper bound
the investigated system is larger thiaay no further information for the homogeneous rate coefficient of stable and metastable
about its value can be deduced. However, if it is smaller than Crystals than with aerosol experiments. When rapid nucleation
Jmin @N UPper rate can be estimated from eq 11. takes place in the bulk, the freezing of aerosols under the same
Il. Advantages and Disadvantages of Bulk Experiments. conditions is possible but by far not proven. Then aerosol
Nucleation studies cannot normally be performed using bulk €xperiments have to be applied.
experiments because the presence of dust particles and the Ill. Rate Measurements. In this section we apply the
containment walls induce heterogeneous nucleation. For manystatistics described in section 2 to bulk freezing experiments.
systems fast heterogeneous nucleation means that bulk freezingVe will show that nucleation indeed behaves according to
temperatures are not far below the melting temperature, wheread?oisson statistics. Figure 6 shows results for an BNgD
small aerosol particles of the same composition freeze at muchsolution with a concentration of 53.8 wt % (i.e. a 1:3 stoichi-
lower temperatures due to homogeneous nucleétidwot much ometry corresponding to nitric acid trihydrate, NAT) and a
can be learned from bulk experiments under these conditions.volume of 3 cni at a temperature of 226 K. The probability to
On the other hand, if the nature of the investigated system is observe no freezingy(t), is plotted as a function of time with
such that the supersaturations and temperatures of interest cathe individual points calculated asq(t)/no: following eq 5.
be reached in a bulk experiment without nucleation, aerosol Despite the small number of data points, the exponential
particles will not freeze either when subject to the same behavior is clearly revealed as expected for a stochastic process.
conditions. Under these circumstances a bulk experiment is Note that the solid line is not a least-squares fit to the data, but
actually the better experiment, because it allows a much lower the rate calculated from Poisson statistics using eq 9. The rate
value for an upper bound of the homogeneous nucleation ratew is calculated to be 4.1x 1072 s™1, which yields a
to be determined. For stratospheric aerosols the upper bound$romogeneous nucleation rate coefficidnt 1.4 x 1073 cm™3
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Figure 6. Probability to remain liquidPq(t), versus time for 53.8 wt th]

% HNOy/H,0 solutions (i.e. a 1:3 stoichiometry) at 226 K. The sample Figure 8. Probability to remain liquidPo(t), versus time for 0.03 cfn
volume was 3 crh The line is the corresponding exponential curve solutions with 9.1 wt % BE5Q, and 33.1 wt % HN@at 193 K together

with the rate coefficient calculated by Poisson statistics; the dashed with the line calculated by eq 19. The two different processes are clearly
lines indicate the upper and lower fiducial limits for the rate coefficient Visible.

on a confidence level of 0.999. showing that the Poisson statistics derived here describes the

0 " . . nucleation process independently of sample volume.
4l (@) ] As outlined in section 2.1ll, freezing experiments do not
_ always behave as a statistically homogeneous ensemble reveal-
€ ol . i ing a single-exponential decay law. In Figure 8 we show a
°_?' . typical example of a statistically inhomogeneous ensemble.
3r . ] These are measurements of a ternary solution (9.1 wt %
4 i H2SQy, 33.1 wt % HNQ, volume 0.03 crf) at 193 K measured
0 s y 5 5 b_y Beye_r?0 Two different_ su_bse_ts of_the ensemble are clearl_y
tih] distinguishable. The solid line is a fit to the data on the basis
. of eq 19. A subset of 18 of the 31 samples € 0.581) is
06r N subject to a fast process with a rabgs, while the other 13
show a much smaller ratesion. The two rates differ by more
= 04r 1 than 1 order of magnitude. We findps = 6.8 x 1074 s71
N ) and wsow = 2.8 x 1075 571 corresponding tdsow = 9.4 x
0.2} * . - 104 cm™3 s71. Without this separation, the overall rate as
* calculated from eq 9 would giwe,t = 6.3 x 1075 s™1 resulting
0.0 . in Jot = 2.1 x 108 cm™3 s'L. Thus, the neglect of an
0 2 4 6 8 experimentally-induced fast heterogeneous process within a

tlh S
() subset of the samples leads to an overestimation of the

Figure 7. (a) Probability to remain liquidPo(t), versus time for 3 cjeation rate by more than a factor of 2. Similar examples

cn? solutions with 21.5 wt % EBO, and 20.0 wt % HN@at 188.3 K. . . .
Data points from Beyet¥ solid curve determined from Poisson statistics showing distinct subsets can be found in the measurements of

(eq 5). (b) Probability of observing exactly one freezing eveatt), Be){er?o o
versus time for the same data set. The line is calculated from eq 6. Figure 9a shows a similar case of heterogeneously-enhanced

freezing in a subset of 3$0y/H,O solution samples (51.8 wt
s1 assuming homogeneous nucleation to be the fastest indi-%) taken from Beyef? Out of a total of 16 samples, 10

vidual nucleation process. The upper and lower statistical nucleated with freeZing times shorter than 6.4 h (SO“d CirCIes)
fiducial limits for J on a confidence level of 0.999 are 3x1 while the other 6 remained liquid within the observation time

103 cm™3 st and 4.6¢10% cm™3 sL, respectively, as  ©Of 24 h (open circles). The dotted line represents a fit to all

calculated from egs 10a,b and are also shown in Figure 6 data using Poisson statistics and assuming a single common

(dashed lines). Clearly, the true homogeneous nucleation rate’€€Zing mechanism, which obviously does not lead to an

is smaller than the upper fiducial limit with a probability of 2dequate description of the experiment. This suggess that there
0.999. It could even be smaller than the lower fiducial limit &€ at least wo different Processes |_nvolved, one slow enough
when the freezing is due to heterogeneous nucleation. to allow some samples to remain liquid for 1 day, a_lnql one rapid
i . enough to make the remaining samples freeze within 6 h. We

Figure 7a shows(f) for a ternary solution (21.5 wt % cicyjate the upper fiducial limit for the samples which did not
H,SQ, 20.0 wt % HNGQ, volume 3 crf) at 188.3 K measured  freeze and the lower fiducial limit for the ones which did (eqs
by Beyer® These data are in good agreement with the 104 and 11) and find that they belong to different processes
theoretical prediction of an exponential decay over many orders yith a probability of 99.9987%. Using only the frozen samples,
of magnitude (solid line determined from Poisson statistics). we recalculate the rate according to Poisson statistics and find
For the same solution, Figure 7b shows the probability to that the data points and the exponential law are in excellent
observe exactly one freezing eveRi(t), as a function ot as agreement (Figure 9b), revealing that heterogeneous nucleation
calculated from eq 6. Again the experiment can be describedis also a stochastic process. The upper limit éffor the
by Poisson statistics. Exponential decay was also observed insamples which did not freeze is 13107°s~! on a confidence
smaller bulk samplé$and in aerosol experiments with super- level of 0.999, giving an upper limit of 4.% 106 cm™3 st
cooled HO droplet§? or binary HNQ/H,O droplet$* clearly for homogeneous nucleation under these conditions.
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I 1 Figure 10. Freezing experiment of a 50 wt %,80,/H,O binary
0.8 7 solution showing the temperature evolution of the sample. The first
. r peak corresponds to the crystallizing to SAT, the second to the eutectic
= 06 b growth of SAT and ice after ice has nucleated. The dashed line gives
o’ the temperature of the SAT/ice eutectic.
0.4 -
] once they reached the final temperature, showed a slower
0.2 . freezing rate.
There are also cases in which a separation into two rates can
0.0 L L L be explained by other microphysical processes, for example,
0 2 4 6 8 when a sample subset offers additional heterogeneous surfaces
t [h] like dust particles or differences in the glass wall of the tubes

Figure 9. (a) Probability to remain liquidPo(t), versus time for 3 (scratches etc). In this context it is important to note that bulk
cm?® binary HSQ/H20 solutions with 51.8 wt % as measured by experiments do not always reveal an exponential decay: The
Beyer®® Solid circles, freezing times of different samples; open circles, stochastic behavior may be absent due to seeding after rapid
samples which did not freeze within the observation time of 24 h; dotted cooling or because of the irreproducibility of the surface

line, exponential curve as calculated by Poisson statistics taking into . - e
account all data points. (b) Same data as in (a) without the unfrozen morphology in different containment vessels and its influence

samples; solid line, exponential curve as calculated by Poisson statistics2N heterogeneous nucleation. Numerous examples of this type
taking into account only the frozen sample data points. can be found in Beyet
IV. Freezing Behavior of the Binary H,SO4/H,0 System.

One important reason for the appearance of two independentA typical example of the temperature signal for a freezing
and very different rates is closely related to the experimental experiment with a binary $80y/H,0 solution (50 wt %) is
cooling process of a solution during the transfer from room shown in Figure 10. From the solution, SAT nucleates at 196.5
temperature to stratospheric conditions. As we have shown inK leading to a steep rise in temperature due to the release of
our previous work! in most of the investigated binary and latent heat with a maximum at approximately 207 K. Upon
ternary solutions, freezing can be avoided if the cooling of the crystallization of SAT, the solution becomes more dilute and
samples is performed very slowly. During cooling, substantial the ice saturation ratio increases. When the temperature has
amounts of vapor have to condense onto the liquid or the glassagain fallen to about 1.5 K below the SAT/ice eutectic
walls in order to reduce the partial pressures from typically 10 temperatur®® (=200 K), ice nucleates and the sample warms
mbar of HO and 0.1 mbar of HN®to the approximately 4 up to the eutectic temperature as SAT and ice crystallize as a
orders of magnitude lower stratospheric values. With very low eutectic mixture. In a subsequent warming cycle (not shown),
cooling rates, these gas phase molecules are taken up by thé¢he measured melting points of the sample agree well with the
liguid and nucleation of liquid or solid condensates on the glass binary phase diagram of Gabkg al,>° showing that indeed
walls is avoided. On the other hand, when the cooling was SAT and ice were the freezing products.
very rapid in our experiments, condensates often became visible We have performed freezing experiments covering the entire
on the glass walls. Rapid cooling may yield vapor supersatu- concentration range of stratospheric interest between 40 and 84.5
rations of 160 and higher, which inevitably leads to the wt %. As a general pattern the experiments demonstrate that
nucleation of liquid and solid condensates on all available none of the solutions froze readily and that in case of nucleation,
surfaces. If the bulk solution comes into contact with the SAT was the most common freezing product in the range
condensation products, these may act as seeds and trigger thbetween 40 and 57.6 wt %. While SAT is to be expected for
freezing of the entire sample. The seeding may be forced by concentrations near the 1:4 stoichiometry (57.6 wt %), it is quite
gently tipping the glass tube to establish contact with the surprising that SAT freezes from a 1:6.5 solution (45.6 wt %).
condensates in the vicinity of the meniscus of the liquid. The Inthe 1:6.5 solution for higher temperatures, SAT was the usual
unintended seeding effect is aggravated if, during rapid cooling, freezing product, while below189 K sometimes SAT and
the containment walls become much colder than the solution sometimes SAH crystallized. Interestingly, SAT froze more
because of their direct contact with the cooling agent. This readily from more dilute solutions than from the one with the
seeding mechanism is an experimental artifact, which does notideal stoichiometry of 1:4, the maximum in freezing rates
necessarily show an exponential behavior. This mechanism isappearing to be in the region around—E0 wt %. This
also the most likely explanation for the observations by Barlow maximum was also observed by Beyatral ;3! however, they
and HaymeY that about one-third of their water samples froze did not analyze their freezing products. As we have argued
rapidly during the cooling process while the remaining samples, above, freezing in these cases is most likely due to heteroge-
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200 Figure 12. Freezing experiment of a 40 wt %,80,/H,O binary
solution showing the temperature evolution of the sample. The small
peak on the line in the lower right indicates the time when the sample
was seeded with a small ice pellet.
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30 40 50 60 70 80 90 of ice is not favorable at any time, because the vapor pressure

H,SO, [wt-%] of ice is higher than that of the solution at the same temperature.
We tested this with different solutions and indeed found that

Figure 11. Overview of experimentally determined upper bounds for we could go to much lower temperatures without freezing of

homogeneous nucleation rates superimposed on 18&4#H,0 binary

phase diagram. Data points, concentrations and temperatures with £h€ samples.

measured homogeneous nucleation rate lower tharl02 cm=3s? Conversely, the crystallization of 230,/H,0 solutions can

on a confidence level of 0.999; solid lines, water uptake curves showing pe forced by seeding with ice pellets. To show that heteroge-

the stratospheric aerosol concentration for 5 ppra® ldt 50 and 100 neous nucleation of $50, hydrates on ice might be of

mbar altitudes. . - : .
stratospheric relevance, a record of an experiment with a solution

neous nucleation on the glass walls or dust particles (at the samef 40 wt % is plotted in Figure 12. This solution could be
time the formation of ice was carefully avoided), and this might Supercooled stepwise for hours without freezing, before it was
indicate that SAT is more compatible with the available surfaces Seeded with a small ice pellet at 188.5 K. At this point,
than SAH, while both compatibilities are poor. Also, it cannot Cconcentration and temperature are very similar to a binary
be excluded that SAH nucleated first even in the cases where@erosol droplet at the frost point under strongly denitrified
SAT was the final product. Antarctic conditions (see Figure 3). The instantaneous rise in
An overview of the obtained upper bounds for homogeneous temperature is most likely due to the nucleation of SAT and

nucleation rates is given in Figure 11. Each point corresponds freezing of the whole sample. Though at first sight surprising,
to a homogeneous nucleation rate of at most 102 cm3 the steepness of the temperature rise of the sample at such a

st at the indicated concentration and temperature on a low temperature and unfavorable concentration can be explained
confidence level of 0.999. The two lines are the water uptake by the eutectic growth of ice and SAT. Eutectic growth is often
curves for a mixing ratio of 5 ppmv at#@ typical stratospheric ~ found to be much faster than that of the single components under
altitudes of 50 and 100 mbar, describing the concentration of the same conditions: Liquid phase diffusion no longer limits
H,SO; aerosol droplets as a function of temperature under thesethe growth, because molecules have to diffuse only over small
conditions. As can be seen, neither SAT nor sulfuric acid distances. Another possible explanation for the steep rise in
monohydrate (SAM, kESQs-H;0), the two most prominent  temperature could be that seeding with ice initiates the
crystalline phases, nucleate readily. All the examined solutions nucleation of sulfuric acid octahydrate (SAO$0y-8H;0),
exhibited very small nucleation rates revealing that homoge- Since the solution has almost the required stoichiometry (1:8.2).

neous freezing of stratospheric binary3@y/H,O aerosols is  The melting of this sample (not shown) does not allow a clear
an unimportant mechanism. distinction to be made between SAT and SAO: Two plateaus

Significantly higher freezing temperatures for solutions at 200 and 207 K could be either due to the eutectic melting of
between 44 and 60 wt % have been reported by Otakde SAT and ice followed by the melting of the remaining SAT or
cooled solutions rapidly (within 1 or 2 min) from room due to the peritectic transformation of SAO to SAT and liquid
temperature to the desired temperature of 4200 K by (which is also endothermic) followed by the melting of SAT.
suspending the warm sample directly into the cold bath. Under However, a comparison with the thin film experiments of
similar conditions we observed the formation of small ice Middlebrooket al53 suggests the formation of SAT instead of
crystals on the walls which can trigger heterogeneous freezing SAO. In their experiments liquid 3$04/H>0 films froze when
when brought into contact with the solution in the vicinity of the samples were cooled-4 K below the ice frost point. The
the meniscus, as outlined above. Already Oht&keentioned freezing products were always ice and SAT, suggesting that
that frost on the tube walls tended to seed the solutions. We ice was freezing from the solution below the frost point forcing
believe that this process is the reason for the much higher SAT to nucleate heterogeneously on the ice surface, which
freezing points than with slow cooling. Clearly, the lower the agrees with the above interpretation that ice facilitates the
measured freezing rate, the better determined the upper bounducleation of SAT. However, because the ice surface in both
for homogeneous nucleation. To avoid the formation of ice experiments was large compared to ice crystals in stratospheric
frost, we cooled the solutions very slowly to achieve a small aerosols, we do not know whether heterogeneous nucleation is
temperature gradient within the sample. Then the formation fast enough to lead to freezing of SAT below the frost point in
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the stratosphere. The answer to this can only come from aerosol L e AT S
experiments.

We also conducted seeding experiments to investigate the 240F
ability of several other agents to enhance freezing of a solution
with a stoichiometry of 1:4 (57.6 wt %) via heterogeneous 230
nucleation by suspending different substrates of stratospheric
relevance with macroscopic surface areas of at least dif.

The investigated agents, A3 (representative of exhaust of 220

solid-propellant rocket motors), F@; and FgO, (major i~
constituents of meteoritic dust particles), (W50, (possible — 210
minor constituent of stratospheric aerosol particles), and Agl =
(known as a good ice nucleus), did not significantly enhance 200

the freezing probability. We estimate the upper bound for the
heterogeneous nucleation rate on any of these agents to be 1
cm2 s71 on a confidence level ok = 0.999. For original 190
micrometeorites or other meteoritic material, we have shown
that there is a possible enhancement of the freezing rate, but
this does not suffice to explain freezing of stratospheric clouds .
=<4 cm 2571)54 Also pure and oxidized graphite Iammgte 30 40 50 60 70
and activated carbon were tested as a proxy for soot from aircraft H.SO, [Wt-%]
exhaust but did not show enhanced freeZhng. 2¥ 4 °

In addition, it should be noted that our solutions were not Figure 13. Comparison of model calculated homogeneous nucleation
filtered but exposed to laboratory air during preparation, so they rates (contours; in cnt s™) and experimentally determined upper
probably contain many undissolved particles of tropospheric 20unds (solid points correspond to a rdtes 10°2 cm* s™%).
origin in the 2=10um range. In essence, not only homogeneous
but even heterogeneous nucleation of stratospheric binary
H,SOWH,0 aerosol droplets appears to be an unlikely freezing
mechanism unless the stratosphere provides other nuclei muc;ﬁ
better suited for heterogeneous nucleation than were present i
our experiments.

In the following, the HSOW/H,0 freezing experiments are

180

fixed temperature, this introduces in principle the observed
asymmetry in the nucleation data. Leo al. then derive the
iffusion activation energy of the acidic ion&gs,, from Agsol

y estimating the difference in the bonding energy of the acidic
ions as compared to water molecules and foug to be
substantially larger thangs,. The enhancement factor depends

compared with the results of classical nucleation theory for the on 'the .part|al heat of vap0r|zat|on sz.so“ from the SOIUt'.On’
which is larger for more dilute solutions, hence opposing the

freezing of SAT as presented by L al®® These authors
. . observed asymmetry.
compared the theoretical results for heterogeneous nucleation ;
S . In contrast to this treatment, the present data suggest that the
(their Figure 3a) with measurements performed by Ohtéke. .. o L . :
. o ) diffusion activation energy of the acid ions is not very different
The present investigation offers a much better constrained . .
. . from that of the solution. In the following we repeat the
analysis of nucleation theory. ) : - R
We h dth . v d ined . calculations of Lucet al. with the following changes: (i) we
f he ave used the elxpe.nmenta y determined maximum brates seAg=1.1Agso; (ii) we fit Agso from the viscosity data by
for r?m(;]gene(_)usl nucl: e?t'(.)n (see g'gu_rﬁ 1#) as an upper bountgqti4e 57 and Williams and Goldéf and in addition to the more
or the theoretical calculations and, with the arguments given oqont gata by Williams and Lorfg{ii) we increase the solid/

in sections 2.IV and 2.V, the glass points as a lower bound jiqjig interface energy by a factor of 1.35 over the function
(see F|_gure 3)- C(_)olmg a concentrategSé/H,0 solutlt_)n to os(c, T) used by Lucet al. (deviations of this magnitude had
below its glass points usually led to the sample freezing upon paan discussed by these authors).

warming, suggesting that there is a region of sufficiently high ~ \va can now re-examine the behavior of homogeneous

nucleation rates between these two bounds. _ nucleation using the present parametrization. Figure 13 shows
Our present wor_k differs from the or_|g|nal analysis done by the H,SQ/H,0 phase diagram including the updated version

Luo et al. in two important ways. First, the present work of the homogeneous nucleation rates. The figure is directly

suggests that homogeneous and heterogeneous nucleation rategmparable with Figure 3b of Lu@t al. The maximum

are considerably below the upper limits given by Ohtake’s rapid nycleation probability now lies at lower temperatures and

cooling experiments. This shifts the region of maximum concentrations. However, the main conclusion reached by Luo

freezing probability around 50 wt % to lower temperatures, and gt 3| that homogeneous nucleation would not lead to any

hence, the theoretical treatment given by laial. will not be substantial freezing of the stratospheric aerosol is fully cor-
able to reproduce the new measurements. However, agreemenigporated.

activation energy of the sulfate ions in solution is lower than heterogeneous nucleation rates of SAT and the compatibility

estimated by Luet al, while at the same time the Gibbs free  of SAT with different substrates. We show this as an example

energy is larger. This shifts the region of maximum nucleation for 5 50 wt % HSOJ/H,O solution at 195 K. The experimen-

probabilities to lower temperatures. tally determined upper bound for the rate coefficient for
Second, as mentioned above the probability that the bulk heterogeneous nucleation of SAT on the glass walls (with a

solutions (1 crd) freeze as SAT does not reach its maximum at surface aread =~ 10 cn?) is 102 cm2 s71, revealing a

1:4 stoichiometry, but rather at lower concentrations (abotit 48  maximum compatibility for SAT on glass oh = 0.02 under

50 wt %). these conditions as calculated with the help of nucleation theory.
Luo et al®® estimated diffusion activation energies for the On the other hand, we can estimate how likely heterogeneous

H,SOWH,0 solutionsAgse from viscosities of these solutions.  nucleation could lead to freezing of a stratospheric aerosol

Since viscosities increase considerably with concentration at adroplet. Under the same conditions and assuming one nucleus
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T T T T that aerosol droplets with these concentrations could indeed
| freeze homogeneously under stratospheric conditions. An
answer to this question can only come from aerosol experiments,
enabling nucleation rates above a certain (high) value to be
measured, whereas bulk experiments are needed to measure low
nucleation rates. In this way aerosol and bulk experiments
| complement each other. Disselkarap al3* have shown in
NADE \ At x 2 aerosol chamber experiments that the rate coefficient for
N homogeneous nucleation of nitric acid dihydrate (NAD) from
% P droplets with a composition of 1:2x63.6 wt %) are of the
T order of 16—10'° cm=3 s~ in the temperature range of 193
% 204 K, thus supporting our hypothesis of a possible freezing of
binary and almost binary HNgH,O aerosols at stratospheric
L temperatures. However, further work is needed to evaluate a
80 100 broader concentration and temperature range.

VI. Freezing Behavior of the Ternary HNO3/H,SO4/H,0

I Liquid Phase
260

ICE

N

o

o
T

HNO, [wt-%]

Figure 14. Freezing temperatures of binary HN&,0 solutions 1 System. Calorimetric measurements require the knowledge of
crp3 in volume. The crosses indicate the melting points measured by melting points of the binary and ternary systems to identify the
Kuster and Kremarfiand Ji%® The solid lines give the melting points  frozen solid phases and to determine the saturation ratio of the

of ice and NAT as calculated with our model. The dashed lines give
the temperatures and concentrations at which the saturation ratio of
the liquid with respect to NAT is 2, 5, and 10.

liquid with respect to a solid phase. However, melting points
of NAT, SAT, etc. over the entire ternary concentration range
of stratospheric interest have not been measured so far.
Therefore we have calculated the ternary phase diagram using

with a surface area of = 10~ cm? (r = 10 nm) in a droplet, h q ; ol L £ which is ai
a stratospherically relevant nucleation rate corresponding to a@ thermodynamic mode (a parametrization of which is given

4 . i : ; .
characteristic freezing time of about 1 month would require a In Luo et al®). The _sem|emp|r|cal_ mo_de_l is of the Pl_tz_e_r ion
much higher compatibility of at least 0.37. Substrates of these interaction type and is able to predict liquid phase activities for

compatibilities have not been found yet, and the existence of HZ?' HSQ, anod HNG <in theo concentration range
such nuclei in the stratosphere seems to be unlikely in view of Wt %(Hz2SQs) + wt %(HNO;) = 70 wt % and for temperatures

the many heterogeneous samples tested in our W& 185 K= T =< 400 K. The activity products of the solid phases

V. Freezing Behavior of the Binary HNOJH,O System are calculated from the model using experimental freezing points
Meilinger et al?® have shown that liquid stratospheric aerosols (ab_ove the eutectics) and Vapor pressure rzqeasurements over
can depart considerably from thermodynamic equilibrium Sk?“d phaselﬁ (b_e'OW th; eutle_ctlcs).f Koetpal: hav? shown b
compositions caused by rapid temperature fluctuations, for 6:; crystz 'Z?‘EOQ inl mfe :]lng 0 ternﬁry sg_mp es carclj he
example, in orographically-forced lee waves. Their calculations understood with the help of the ternary phase diagram and that
suggest that HN@uptake by larger droplets is diffusively the measured melting points are in very good agreement with

hindered, while small droplets can approach the composition the ones calculated from the model.

of binary HNQYH,0 solutions with up to 52 wt % of HN® We repeat this analysis here for another interesting case, the
Therefore, we conducted several experiments with HNGD melting of hydrates in a solution more concentrated in sulfuric
solutions (1 cr) in the concentration range of 4%3.6 wt % acid than in the case investigated by Koep al** A
corresponding to stoichiometric ratios of 1:4.3 to 1:2, respec- measurement of the melting points of a ternary solution with
tively. 21.2 wt % HNQ and 25.9 wt % HSO4, which froze after

Figure 14 shows the freezing points of these solutions in the €00ling to 182 K, is shown in Figure 15. In the lower part of
temperature range between 214 and 226 K. The freezing usuallythe figure we show the calorimetric temperature development
occurs at saturation ratios with respect to N&J,t, of between during slow heating of the sample. Three plateaus are clearly
5 and 10. The samples were cooled rapidly to temperatures ofVisible, each belonging to the complete melting of one solid
about 225 K and then slowly to lower temperatures. This was Phase. To determine the exact eutectic and melting points we
to avoid the formation of ice and NAT on the glass walls from calculated the derivative of the temperature with respect to time
the vapor phase, and the glass tubes were checked repeated({fT/dt) which is shown in the upper part of the figure. The
for signs of fros€® measured plateau temperatures are in good agreement with the

We could not supercool binary HN1,SO/H,0 solutions phase diagram in Figure 16 calculated from the thermodynamic
between 45 and 63.6 wt % to temperatures of stratosphericmodel. The thin solid and dot_ted Iines represent isothermal cuts
interest without freezing. This might be due to heterogeneous through the ternary phase diagram indicating the coexistence
nucleation from the liquid on the glass wall or on dust particles curves of NAT, SAT, and ice with the ternary liquid at 194.7,
in the unfiltered samples. Another possible explanation is that 219.7, and 239.5 K.
even the homogeneous nucleation rates at these temperatures Upon warming, the system reaches the measured ternary
are high enough to induce freezing in our samples. With our eutectic point at 193.7 K (Figure 15). The eutectic point is
setup we are limited to homogeneous nucleation rates smallercharacterized by the intersection of the three coexistence curves
than approximately 1@® cm=3 s~1, because the bulk samples (marked as point 1 in Figure 16a), where all three solids coexist
are at least 1 cfin volume. Hence, the homogeneous with a ternary liquid of 35.4 wt % bSO, and 1.8 wt % HNGQ.
nucleation rates in the binary HN®,0 samples are probably = The experimentally determined eutectic temperature (193.7 K)
larger than 102 cm™2 s 1; however, we cannot determine the agrees with the model value (194.7 K) to within 1 K. After
actual value at these or even lower temperatures. As will be the ice has completely melted, the system leaves the eutectic
discussed below, binary and almost binary HQO solutions point and the temperature rises. The system then slides along
were found to be the only solutions which could not be the NAT/SAT/liquid coexistence curve, constantly melting NAT
supercooled to stratospheric temperatures. This might indicateand SAT. This defines the thick solid line between points 1
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C T K) to within 1.4 K. However, it should be noted that the
L Mixture (C) ] uncertainties in both experimental and model-predicted melting
- ] points are+2 K.
s f ] Finally we turn to ternary solutions with extremely low
E t k H>SQO, but high HNQ concentrations. Such mixtures occur
a ] under thermodynamic equilibrium conditions when the temper-
L ] ature drops below the frost point or alternatively under non-
L N equilibrium conditions induced by gravity waves. Both can-
. — ——t——t didates are expected to possibly play important roles in the
2601 ] formation of solid PSCs. As outlined in the previous chapter,
250 ] binary HNGy/H,O bulk solutions cannot be supercooled to
240F N\ ] temperatures around the stratospheric frost point. Therefore it
_ 030k NAT ] is of interest to determine how low the concentration ys8,
X - has to be to enhance freezing rates in ternary solutions. This
= 2207 N NAT/SAT ] has been discussed briefly by Meilingsral 23 In the following
210r )} we evaluate these experiments in more detail. Several solutions
200} — ‘ . with 48 wt % HNG; (fixed) and varying amounts of 4330,
1907 NAT/SAT/ice ] between 0 and 1.4 wt % have been prepared. The freezing
; L] points of these solutions are shown in Figure 17 (note that the

0 10 20 30 ;‘i%e frgin] 60 70 80 90 x-axis is plotted logarithmically). While bulk solutions contain-
ing 0 < H,SOy wt % < 0.01 froze at high temperatures typical

Figure 15. Warming curve of a frozen ternary sample containing 21.2 for binary HNQyH,O solutions, the freezing temperatures of

wt % of HNO; and 25.9 wt % of HSQs. The lower section gives the o riong with 0.1 and 1.4 wt % of 30, were significantly
temperature evolution of the sample, while the upper section shows

the derivative of the temperature with respect to time. The melting |OWered. To guide the eye, the solid line in Figure 17 shows
points of the solid phases are extracted in two different ways: First, the steep decrease in freezing temperature between 0.01 and
the eutectic melting point is defined by a fixed temperature, at which 0.1 wt %. At first sight one might expect that the addition of
the completely frozen sample (NAT/SAT/ice) starts to absorb latent a component (in this case,8Qy) to a solution reduces its
heat. Hence, Wdt decreases strongly, the onset of which is marked by  freezing temperature. This is quite common and well-known

a maximum in d/dt. In the ideal case ™dt should fall to zero : ingSa)
instantaneously, but due to the finite heat capacities and temperatureIn many systems. For example, addin or HNG; to water

gradients in the present cryo-system, a minimuriTiftis only reached reduces the freezing temperature qf ice _by many kelvins.
after a certain time delay. Second, the remaining solid phases (NAT However, in these cases also the melting point of ice is lowered
and SAT) melt continuously over a temperature range, and each meltingdue to the second component, which leads to a smaller saturation
point is defined as the temperature when the respective crystal hasratio at the same temperature and therefore to a reduced freezing
completely melted. Because at this point latent heat is no longer yemperature. This is very different in the present case where
absorb_ed by the_ samp_le, this leads again to a rise in the temperaturq;reezing is quenched by very smalb$, amounts. Here, the
curve, i.e. a minimum in Tdt. ; . . . .
saturation ratioSuat, and the melting point temperature increase
and 2 in Figure 16b. The second plateau is reached at aboutwith enhanced k5O, concentrations, while the freezing tem-
220.5 K, which can be identified as that point on the NAT/ perature decreases. In Figure 17 the dashed lines give temper-
SAT/liquid coexistence curve where the remaining SAT melts atures of constarfiyar as a function of HSO, concentrations.
(point 2 in Figure 16b). Now only NAT is left, which melts at  The isosaturation temperature slightly increases with increasing
about 240.9 K, where the system leaves the NAT stability region H.SO, concentration, since at the same temperature a solution
(point 3 in Figure 16c, which corresponds to the overall containing 2 wt % HSOy is slightly more supersaturated than
concentration of the sample). The slope of the thick straight a binary HNGQ/H,O solution (both with 48 wt % HNE).
line between points 2 and 3 in Figures 16b,c is constructed from Comparing these lines with the measured freezing points shows
simple stoichiometric consideratiofis. Again, the model- that the solutions with no or 0.01 wt %80, usually froze
predicted melting points of SAT and NAT at 219.7 and 239.5 whenSyar is smaller than 10, while the ones with 0.1 and 1.4
K, respectively, agree with the measured values (220.5 and 240.9nt % usually revealed a saturation ratio of 20 or more. Hence,

E”;@‘i S 1947 K| [ME) C219.7K i | 2395K
By .
Edu o -
+
&
- 0
E] '*'i';-
0 20 40 B0 O 20 40 B0 0O 20 40 6O
HNO, [wi%] HNO, [w1%] HNO, [wi%)

Figure 16. Phase diagrams of the ternarg30/HNO3/H,O system showing, as thin solid lines, the coexistence curves of NAT, SAT, and ice

with the liquid for 194.7 (a), 219.7 (b), 239.5 K (c). The dotted part of the coexistence curves is outside the validity range of our model but is
shown for clarity. Labels NAT, SAT, and ice are given on that side of the coexistence curves where the liquid is supersaturated with respect to the
particular solid. Thick solid lines indicate the evolution of the sample from Figure 14 during melting. Peidtmark several different eutectic

and melting points. Point 1, NAT/SAT/ice triple eutectic point (194.7 K; ice melts)2,lthe connected NAT/SAT/liquid coexistence points for

this sample at temperatures between 194.7 and 219.7 K. 2, SAT is completely mel&dNAT/liquid coexistence points for this sample at
temperatures between 219.7 and 239.5 K. 3, the remaining NAT is completely melted, and the sample is liquid at its initial composition.
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Figure 17. Freezing temperatures of ternary HMB,SOy/H,0 solu-
tions 1 cni in volume as a function of 5O, concentration. The two

Koop et al.

same behavior was found in another experiment with this
procedure (211.0 and 212.3 K before, 190.9 afterward), strongly
suggesting that the quenching of the freezing is indeed due to
the small increase in $$0Oy concentration. Also note that the
result is independent of whether the mole fraction or the weight
fraction of HNG; is kept constant. The ratio of HN®H,0
mole fraction at 48 wt % HN@and 0 wt % HSO, is 1:3.790,
while it is 1:3.783 for a solution with 48 wt % HN{and 0.1

wt % H,SOy; this small change should not affect the nucleation
process. We do not have a satisfactory explanation for the
observed strong effect of small amounts ofSf, on the
freezing points of ternary solutions, while its experimental
significance is clearly evident.

In our earlier paper we have proposed that stratospheric
aerosols in thermodynamic equilibrium will freeze below the
frost point when ice is precipitating from the droplétsTo
investigate this process in more detail, we have performed
experiments with a solution of 2.5 wt %,HO, and 36.3 wt %

dashed lines indicate the temperatures at which the supersaturation of INOs (called solution “G” in ref 21), corresponding to the

the solutions with respect to NAT is 10 and 20; the solid line is just to
guide the eye. Note that theaxis is plotted logarithmically.

220+ .
215} .
0.1 wt% H,S0, | 0.01 wt% H,SO,
< 210F .
= !
2051 .
200+ .
195+ . . e
0 50 100 150
time [min]

Figure 18. Freezing experiment of a HN,SQy/H.0 ternary solution
showing the temperature evolution of the sample. Upper line, solution
containing 48 wt % HN@ and 0.01 wt % HSQ, freezing at a

temperature of 211.6 K; lower line, the same solution after adding some

solution enriched in B8O, so that the concentration was adjusted to
48 wt % HNG; and 0.1 wt % HSQu. The freezing temperature is
reduced by approximately 15 K to 196.7 K.

saturation ratios and freezing probabilities show an opposing

aerosol composition at 188 K, i.e. alioli K below the
stratospheric frost point (at 55 mbar, 5 ppmy@. When ice
was freezing from this solution, NAT or any other hydrate
usually did not nucleate readily, even when lowering the
temperature to 187 K. Although these solutions were super-
cooled with respect to NAT and NAD when in equilibrium with
the precipitating ice and the ice surface was large (as can be
judged easily by the slushy appearance of the sample), it took
up to 120 min until NAT nucleated. This suggests that the
heterogeneous nucleation rate of NAD, NAT, and NAP on ice
from the liquid is small. In contrast, seeding a liquid sample
by adding small ice crystals to the solution after exhaling or
spraying small water droplets into the glass led to a fast
crystallization of NAT in the liquid. In the latter case NAT or

a metastable hydrate probably first nucleated heterogeneously
from the gas phase on the small ice crystals while they were
sedimenting. When the crystals reached the gas/liquid interface
they seeded NAT and ice in the solution leading to their
simultaneous rapid growth. This would imply that the heter-
ogenous nucleation rate of NAT on ice from the gas phase is
large, as was also suggested by Iratil.,2® who found that
NAT nucleation on SAT films did not occur at saturation ratios
of ~30 or even higher, while NAT nucleated readily when ice
was present under otherwise identical conditions. Thus the
diffusion activation energy seems to play an important role for

behavior. The large scatter in the freezing points of the 0.1 wt the nucleation process of NAT on ice, because it is large in the

% H,SO;, solution is possibly due to the uncertainties in the
H,SO, concentration, where quite small deviations lead to

substantial changes in the freezing point. To exclude hetero-

geneous effects we performed experiments in the following
manner: first a solution with 48 wt % HN{and 0.01 wt %
H,SO, was prepared and cooled down to its freezing point twice.
Then, a small amount of a solution equally concentrated in
HNO3z; and more concentrated in,80, was added to the
original solution, so that the final composition was 48 wt %
HNOs; and 0.1 wt % HSO,. This solution was then again
cooled down to its freezing point. With this method we are

liquid but practically absent in the gas phase and therefore leads
to a much smaller nucleation rate from the liquid. On the other
hand, flow tube studi€3exposing ice surfaces to stratospheric
HNO; partial pressures at 191.5 K suggested that a metastable
hydrate, probably NAD, formed preferentially in the beginning
and only transformed to NAT after a time delay. In contrast,
at 200 K NAT did not form at all in these experiments. Whether
in our experiment at 188 K NAT is formed initially or via NAD
cannot be concluded.

While our measurements indicate that NAT nucleation on
ice from the liquid under equilibrium conditions is too small to

sure that we can only enhance the chance of heterogeneoude of stratospheric relevance, further detailed analyses are
freezing, because of possibly adding more dust particles andneeded to determine the exact rate coefficients for the nucleation
increasing the surface area of the glass wall in contact with the of NAD, NAT, and NAP on ice from the gas phase. Applied
solution. Also the total volume becomes slightly larger, which to the stratosphere this would imply that the ice crystal forming
makes homogeneous nucleation more favorable. Some experiin a ternary droplets has to grow to a size where it is no longer
mental results using this procedure are shown in Figure 18.completely covered by the liquid until nitric acid hydrates
While the freezing of the solution before the treatment occurred nucleate. This could then also lead to freezing of the remaining
at 209.6 (not shown) and 211.6 K (upper curve), the freezing sulfuric acid as SAT, SAH, or SAO. This mechanism strongly
point afterward was decreased to 196.7 K (lower curve). The depends on the morphology of the crystallizing droplets.
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There is a second possible mechanism which could lead tocooling. During rapid cooling, the hydrates may form directly
freezing of nitric acid hydrates when ice crystallizes from from the vapor phase above the liquid either on the containment
stratospheric droplets. The absence of a fast nitric acid hydratewalls or in the form of small solid germs on foreign aerosol
nucleation after ice has formed in the ternary solution experiment particles (e.g. on the ice crystals formed after exhaling into the
described above also could have been due to the presence afest tube). When the solutions get into contact with these
H,SOy in the liquid. In contrast, in aerosol experiments NAT hydrates, rapid freezing follows.
was observed to form within minutes after the crystallization =~ The experiments furthermore show that once nucleation of
of ice in binary HNQ/H,O submicron droplets at temperatures an acid hydrate has occurred it grows rapidly and without
between 175 and 185 . This again shows the strong evidence for a delay. From this we conclude that the formation
dependence of nitric acid hydrate nucleation on the concentrationof an activated but amorphous state at sufficiently low temper-
of H,SOy in the liquid. Applied to the stratosphere, this provides atures, as it has been recently suggested in the literature, is
a pathway for the freezing of nitric acid in lee waves below the unlikely to exist.
frost point: Due to fast cooling, smaller droplets would assume  The present experiments leave open two pathways for the
almost binary HN@H,O concentratior’$ and then freeze as  formation of solid hydrates of nitric or sulfuric acid from liquid
NAT as soon as ice forms below the frost point. aerosols: Either the hydrates form heterogeneously on water
ice below the frost point or they form above the frost point
after homogeneous nucleation from binary or almost binary

Research on the microphysics of polar stratospheric clouds HNO3/H,0 solutions whose p50, concentrations due to strong
(PSCs) currently focuses on the identification of chemical temperature fluctuations have been reduced to vaiige81 wt
composition and formation processes of solid cloud particles. o5, |n both cases the bulk experiments indicated sufficiently
In particular the mechanisms leading to the freezing of solid tast nucleation rates.
acid hydrates are not well understood. There is little doubt about  However, in the cases where freezing appears to be possible
the freeZing of solution droplets a few kelvins below the frost also the limits of bulk experiments become evident: Firsﬂy’
point leading to water ice formation, which possibly induces high nucleation rates are not easily detectable because the
the precipitation of acid hydrates due to heterogeneous nucle-nycleation occurs either directly after or even before reaching
ation. However, it is presently unknown whether there is a the desired temperature in a bulk, and secondly heterogeneous
mechanism of acid hydrate formation above the frost point.  nycleation on the walls may now play a major role. This reveals

The present work shows that homogeneous nucleation rateshe complementary character of bulk and aerosol freezing
of binary or ternary solutions with thermodynamic equilibrium  experiments. While most of the rate coefficients for homoge-
compositions above the frost point are much too low to be of neous nucleation of equilibrium solutions are in a range that is
importance for PSC freezing. The experiments are based ondetectable in bulk but not in aerosol freezing experimehts (
the freezing of bulk solutions and hence require the transfer of 1//t,) = 102-10"5 cm3 s71), the much smaller volumes
the measured rates from the laboratory situatiér=(1 cn¥) and the contact-free suspension of aerosol experiments enables
to the stratospheric dropletg & 10 *2cm?). This is achieved  measurement of the much faster rates expected for nucleation
by showing that the freezing of these solutions is a stochastic processes in solutions under nonequilibrium or for sub-frost-
process which enables Poisson statistics to be exploited an(Eoint conditions. In the future, reliable measurements of this
thereby to determine upper bounds of the freezing rates evenkind will help to clarify the open problems of PSC freezing.
when the number of observed freezing events is small or zero.

In contrast to previous work, it is shown that a single bulk  Acknowledgment. We thank Keith Beyer, Mario Molina,
experiment with no freezing event at all may be used to exclude Kyuil Ji, and Jean-Claude Petit for making their freezing data
homogeneous freezing of stratospheric droplets at a very highayailable to us and Renyi Zhang for providing some unpublished
level of confidence. Hence, for very low nucleation rates a bulk psc data. Also thanks to Ken Carslaw and Tim Onasch for
phase experiment with large volume can easily yield more helpful comments and Laura Iraci, Ann Middlebrook, Azadeh
information than an aerosol droplet experiment, where to reach Tabazadeh, and Renyi Zhang for sending us preprints of their
similar products of solution volume and total observation time work. Support from the BMBF (Grant for T.K. under Contract
(Vtoy) would require times much too long for practical measure- 01L09506), the UBA (Grant No. 104 02 814 for B.P.L.), and

ments in the laboratory. the Friedrich-Ebert-Stiftung (Grant for U.M.B.) is gratefully
The rate coefficients determined in this work represent upper acknowledged.

bounds for homogeneous nucleation. However, since for the
investigated binary and ternary solutions the upper bounds arepppendix 1
not sufficient for droplet freezing under stratospheric conditions,
the true homogeneous rates are even smaller.

4. Discussions and Conclusions

(a) The Poisson Distribution. The binomial distribution of

Moreover, the measurements reveal that none of the substrate§d 1 reduces to the Poisson distribution of eq 2 winen k >
tested did enhance the freezing due to heterogeneous nucleation @"dP < 1. In this case, the factolgals can be expanded
to an extent which affects the freezing probability of strato- a(_:cordlng to Stirling’s formulé! = (277K) k'fe - In th? result
spheric aerosols in a significant way. In the bulk experiments P iS €xpressed gs= (k — ¢)/mand expansion to the first order
no particular care was taken to deactivate the walls of the testin € Yields
tubes used for containment nor were the samples subjected to
special filtering or other cleaning techniques. Other investiga- 1- Fi()
tions specifically testing stratospherically important nuclei \M—
corroborate this conjeg:'[uif’é-.55 Unless the stratosphere contains ok exp[(m ~—Kn (1 +
nuclei much better suited than those present in these laboratory
experiments, heterogeneous nucleation does not seem to play a
major role in the freezing of liquid aerosols. from which eq 2 is easily derived.

The only care that has to be taken in the experiments to avoid (b) The Normal Distribution. The binomial distribution of
artificial seeding of the solutions is to ensure sufficiently slow eq 1 reduces to the normal distribution of eq 12 when k>

m—k

€ k)] ~ K gemp (A1)
m—
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1 andk> 1. Form — k =50 andk =50, the factorials can be

Koop et al.

TABLE 3: Upper and Lower Normal Distribution Fiducial

expanded according to Stirling’s formula with an accuracy better Limits for Selected Numbers of Nucleation Eventspnc, at a

than 0.17%. In the resufiis expressed g3 = (k — ¢)/mand
all terms are expanded to second orde¢,ivhich leads to the
expressioff

€ k € m-k €
(1—R 1+m) =exp’kln(1—R +
€ 1 1 _
(m k)In l+m exp EE+m =
2 (k—mp?
exp|——| =exp|— A2
p[ = p’ oo? (A2)

From this eq 12 follows directly.

Appendix 2

The fiducial limits ofw for a normal distribution are defined
in a manner very similar to eqs 10a,b for the Poisson distribu-
tion:

_ K — @ oto)’
- 0(2711)1/2 S o " dkexp (_ ( Z;Z—W & (A3)
and
1 (K — 0ytiod”
= —a(Zn)”z nt1 dk exp (— X 2;; ot (Ad)

Evaluation of these integrals in terms of the error function
erf(x) = 27712 s dt exp(—t?) leads to egs 13a,b when =
n¥2 is used.

In Table 2 the upper and lower fiducial limits are given for
selected numbers of freezing eventg, at a confidence level

Confidence Level ofx = 0.99%

Wiowltot Nhuc Wupliot

68.098 100 131.902
155.298 200 244.702
429.900 500 570.100

2 The confidence levet = 0.999 is the probability thabiow < w or
thatw < wyp.

TABLE 4: Values for the Inverse Error Function
erf~1(2x—1) at Selected Confidence Levelg

X erf1(2x—1)
0.900 0.906 19
0.950 1.163 09
0.990 1.644 98
0.999 2.18512

also the values of the normal distribution fiducial limits are given
for np = 100. Note that the normal distribution limits are not
symmetrical to the Poisson distribution limits, as has been
explained by RegenéP. Table 4 provides some values for the
inverse error function erf(2x — 1) at typical confidence
levelsx.
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