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Abstract. Box model simulations of an uplifting and adi- 1 Introduction
abatically cooling cloud of aerosol have been performed in

order to study the transition between cirrus formation domi-cirrus clouds in the cold upper troposphefe{ —40°C) are
nated by homogeneous nucleation of ice to that dominated b)jenerally thought to form mainly by homogeneous freezing
heterogeneous nucleation. The aerosol was assumed to cog aqueous solution droplets (e.g. Sassen and Dodd, 1988;
sist of an internal mixture of sulfuric acid solution droplets Heymsfield and Sabin, 1989; Heymsfield and Miloshevich,
with inclusions of soot. The parametrisation of DeMott et al. 1993) When there is enough background aerosol presenL
(1997) was used to simulate the heterogeneous nucleation ¢fomogeneous nucleation is a thermodynamically controlled
ice in such droplets with soot inclusions. The simulations process, that is, it takes place when a critical supersaturation
show that the transition from heterogeneous to homogeneou&iependem on temperature) is reached in an airmass. It has
nucleation occurs over a narrow range of soot concentrationgeen shown in the laboratory by Koop et al. (2000) that the
Thus it seems to be possible to fix critical concentrations ofcritical supersaturation is independent of the chemical nature
heterogeneous ice nuclei which must be exceeded if heteraqsf the aerosol. Gierens et al. (2000), comparing and corre-
geneous freezing dominates cirrus formation. A formula hagating data of ice—supersaturation from MOZAIC, Measure-
been derived that allows to compute the critical concentrament of Ozone from Airbus—in—Service Aircraft (Marenco
tions of heterogeneous ice nuclei as a function of tempergt g|., 1998), of subvisible cirrus from SAGE II, Strato-
ature, updraft speed, ambient pressure, and supersaturati@pheric Aerosol and Gas Experiment Il (Wang et al., 1996),
at which heterogeneous freezing occurs. Generally, homogegng of thermodynamic conditions for cirrus formation from
neous nucleation dominates in regions with updrafts strongefe_analysis data of the European Centre for Medium Range
than 20 cms*, with the exception of heavily polluted areas \eather Forecast (Sausen et al., 1998), could show that cirrus
which could be common in the northern hemisphere due tGormation seems to be thermodynamically controlled in the
air traffic, where updrafts of the order 1 m'smay be nec-  tropics and in the southern midlatitudes upper troposphere,
essary to render heterogeneous nucleation unimportant. Ayt not in the same way in the northern midlatitudes, where
cording to the present results it cannot be excluded that hethe thermodynamic control is much weaker. These hemi-
erogeneous nucleation plays a more important role for cirrusspheric differences may partly reflect differences between
formation in the northern midlatitudes than anywhere else statistical distributions of vertical wind speed between trop-
A possible consequence of these results is that air pollutioncs  and southern and northern hemisphere (SH and NH).
may lead to a higher coverage of cirrus clouds, but then thesgyen if the mean updraft speeds are similar in both hemi-
clouds will be optically thinner than clouds formed by homo- spheres, the variances will probably be significantly larger
geneous freezing, with the exception of regions where conin the NH than in the SH, because of the orographic excita-
densation trails are frequent. tion of vertical motion in the NH. This is supported by the
stronger instantaneous temperature fluctuations (on a spatial
scale of 300x 300 kn?) in the NH compared to the trop-
ics that has been found from MOZAIC data (Gierens et al.,
1997). Obviously, threshold conditions for ice formation
can be met more often in regions of stronger fluctuations of
Correspondence tK. Gierens (klaus.gierens@dIr.de) vertical wind speeds than in calmer regions when the mean
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438 K. Gierens: Heterogeneous vs. homogeneous freezing

(large scale) thermodynamic conditions are similar in boththese differences are unknown. One must also admit that it
regions. However, the hemispheric differences of thermo-is not possible or justified at the current state of knowledge
dynamic control of cirrus formation can also suggest thatto define a critical supersaturation at which heterogeneous
the composition of the freezing aerosol has a more impor{reezing of soot would commence.

tant effect in the polluted northern hemisphere compared to Thus, heterogeneous nucleation is still a closed book in
the cleaner regions of the world. Since homogeneous nuclemany respects, but it may have important effects on cirrus
ation seems not to depend on the aerosol composition onelouds. Jensen and Toon (1997) performed numerical simu-
may conclude that then heterogeneous processes must playations of cirrus formation in slow updrafts and showed that
bigger role for cirrus formation in the northern midlatitudes. the presence of soot can not only enlarge the fractional cover
Such heterogeneous effects could be brought abtartalia of cirrus clouds, but it can also alter the properties of the
by aircraft soot emissions. Indeed,&trand Ohlsson (1998) cirrus rather dramatically compared to a case when only sul-
found that cirrus ice crystals in a region of heavy air traf- fate aerosol was assumed to be present. Kristensson et al.
fic (southern Germany) often contain some kind of “absorb-(2000) measured reductions of effective crystal diameters by
ing material” (probably soot), and moreover such inclusions10-30% in cirrus perturbed by aviation (as indicated by the
were most frequent in those altitudes where the air routes aréabsorbing material” in the crystals, see@tr and Ohlsson,
concentrated (8—12 km). 1998).

The notion “heterogeneous nucleation” is a collective term  Although experimental evidence is lacking that aviation
for various physical mechanisms that may occur in the atmo-and other anthropogenic aerosol indeed affects cirrus forma-
sphere (see Vali, 1985, for a definition of the terminology). tion and cirrus cloud cover, the weak thermodynamic control
Deposition nucleation requires the presence of dry solid parof cirrus formation in the northern midlatitudes gives reason
ticles, whose existence in the upper troposphere has not bead study such potential effects both experimentally and by
shown so far (DeMott et al., 1997). Contact freezing, requir-modelling. Since heterogeneous and homogeneous freezing
ing the presence of an external mixture of solid and liquid can act simultaneously in the atmosphere it is useful to de-
particles, is probably unimportant for cirrus clouds becauserive criteria which tell one which of the two freezing modes is
it seems to be suppressed in updrafts and the collection ratefominant in a given situation. This will of course depend on
are very small for typical aerosol particle sizes in the upperthe concentration of heterogeneous ice nuclei, that is on the
troposphere (Young, 1993, chapter 4.5.3). The two remainnumber of aerosol particles that heterogeneously induce ice
ing mechanisms, condensation and immersion freezing reerystal formation at a supersaturation below the critical su-
quire an internal mixture of aerosol, that is, solid particles persaturation for homogeneous nucleation. | will show that
immersed in a liquid coating. it is possible to determine a critical concentration of such ice

Although pure graphitic soot is hydrophobic, soot parti- nuclei, below of which homogeneous nucleation dominates,
cles from other sources, in particular from combustion, maywhile heterogeneous nucleation takes over the dominant role
act as heterogeneous ice nuclei, probably because of varioug higher ice nucleus concentrations. The study has been per-
contaminations on their surface. This has first been shown byomed by means of simple box model simulations where sul-
DeMott (1990) in the laboratory for temperatures betweenfuric acid solution droplets with inclusions of soot served as
—25°C and—40°C. More recent laboratory experiments of heterogeneous ice nuclei. Additionally, | will derive a simple
DeMott et al. (1999) explored a lower temperature regimeanalytical formula for the calculation of the critical concen-
that is more representative for the upper troposphere. It couldration of heterogeneous ice nuclei as a function of supersat-
be shown that below-53°C soot particles with a substan- uration necessary for heterogeneous freezing, temperature,
tial amount of sulfuric acid solution on their surface (several updraft speed, and pressure. This formula can be used in
monolayers) induce ice formation at supersaturations belowarge scale models for the control of a switch between the
the critical supersaturations necessary for homogeneous nuwo nucleation modes.
cleation. Such an aerosol may be generated by aviation since
jet engines emit about 1B soot particles and about $0to
4 x 107 volatile aerosol particles larger than about 5 nm2 The box model
in diameter per kg kerosene burnt, in particular sulfuric acid
solution droplets (Fahey and Schumann, 1999; Schumannr simple box model with bulk microphysics was employed
2002, and references therein). It is thus conceivable that airfor this study which simulates the evolution of an aerosol
craft emissions can lead to soot particles that are immersedloud in uplifting and cooling air. Prognostic variables are
in a coating of sulfuric acid solution. However, it must be aerosol and ice crystal number densities, ice mass and vapour
said that an understanding of the very physical process thainass concentration, and temperature. The updraft yields an
induces the freezing at or around the soot particles is stilladiabatic cooling of ¥7 x 107> Ks~1 per 1cms? of up-
lacking. For instance, soot from various sources (combusdraft velocity. The aerosol is an internal mixture of aqueous
tion soot, Degussa soot, sparc generator soot, etc.) behawwlution droplets of sulfuric acid with or without insoluble in-
differently in freezing experiments, yet the exact reasons forclusions of soot. A log—normal size distribution is assumed

Atmos. Chem. Phys., 3, 437-446, 2003 www.atmos-chem-phys.org/acp/3/437/



K. Gierens: Heterogeneous vs. homogeneous freezing 439

for the “dry” aerosol (that is, the pure sulfuric acid) with a with A = 1.04 x 10-*cm—2 andB = 7.767.
geometrical mode radius of 10 nm and geometrical standard While cooling, the aerosol may freeze heterogeneously
deviationo, of 1.48. The fraction of aerosol droplets bear- due to their soot inclusions or homogeneously. Aerosol
ing an inclusion,SNF (i.e. soot number fraction), the soot droplets without inclusions can only freeze by homogeneous
mass fraction (relative to the mass of the sulfuric acid in thenucleation while those with inclusions can freeze via both
droplet) of a soot including aerosol particlMF, and the  mechanisms (which means that the sulfuric acid solution in
number concentration of aerosol particlés,, are free pa-  such a droplet can ignore the presence of the inclusion). For
rameters. The soot mass fraction can be translated into a sottie droplets with inclusions the model chooses the freezing
surface, assuming a specific soot surface (i.e. surface per unitathway with the higher nucleation rate in each timestep.
mass) ofQ2,, = 7.5 x 10°cm?g~! (Karcher etal., 1996))  Homogeneous freezing is parameterised in the box model
Assuming a direct proportionality between mass (i.e. vol-following Koop etal. (2000). The integration over the size
ume) and surface of aircraft (kerosene) soot is an expressiodistribution is performed via a numerical GauR—Hermite in-
for the fractal nature of this kind of soot. tegration as described by Gierens and8tr(1998). This
With the given parameter§NF SMF, andN,, and as-  gives for each timestep the fraction of aerosol particles that
suming the log—normal size distribution of the “dry” aerosol, freeze. The freshly formed ice crystals begin to grow by
the soot concentration (i.e. mass of soot per unit volume ofvapour deposition, thereby reducing the supersaturation. The
air) is given by depositional crystal growth is parameterised as in Koenig
(1971), i.e.dm/dt = amP®, with crystal massn, and tem-

Csoot= Na - SNF- SMF- (47/3) pa M3, @ perature dependent parameters, which are listed for tem-
wherep, is the density of pure sulfuric acid, and peratures below-40°C by Gierens (1996).

3 ) All simulations run from an initial temperaturg =
M3 = rz expl(9/2)(Inoa)”] (2)  —53°C or lower. This temperature was a threshold in labora-

tory experiments of DeMott etal. (1999), below which soot
particles enclosed in thick coatings of sulfuric acid solution
got effective as heterogeneous ice nuclei at supersaturation
below that necessary for homogeneous nucleation. The ini-
tial relative humidity was 70% with respect to liquid water
Qy = Q. Csoot 3) (RH), or 116% with respect to iceR(H;) at T = —53°C

and 50% R H; = 96%) atT = —73°C.
The density of sulfuric acid depends slightly on temperature, o RH; )

it varies fromp, = 2.09gcnT3 at —35°C to 2.22 gcm® at
—70°C. All other gquantities in the formulae fafsggt and
Qy are independent of temperature.

As stated above, it is unknown how the ice formation kg re 1 shows a typical outcome of a boxmodel simulation
process on the surfaces of soot particles works. Thereyi the internally mixed aerosol. The temperature—axis can
fore, | make the same working hypothesis as DeMott etalyq read as a reversed time—axis, with time progressing to the
(1997), who extrapolated the laboratory results for temperasef;  pisplayed is the number concentration of ice crystals
tures higher thar-40°C to lower temperatures and replaced {4t form in the cooling aerosol cloud. The curves of Fig. 1
the temperature of pure water droplets by an effective freezy o computed for an updraft velocity of 10 crts a num-
ing temperaturdgff of aqueous solution droplets. Although per concentration of aerosol particles 083108 m=3, and
| do not know whether the soot in the atmosphere actually bez 550t mass fractioSMF = 0.1. The soot number frac-
haves as this working hypothesis assumes, | think that such g, (SNP is used as a curve parameter. The curve with
procedure is justified as long as the study aimb@tthe  gNE — 0.1 shows the form typical for heterogeneous nu-
transition between homogeneous and heterogeneous patfftion only. Nucleation starts at abou64.5°C and pro-
looks like. It is not the aim of these simulations to deter- .oads on down to abouts5.5°C where the growth of the ice
mine the exact critical soot concentration where thetransitiortrystmS has consumed enough water vapour to quench the
takes place. Sugh a determination must await better knowly, \jeation. Simulations with high@NF generally yield a
edge of the physical processes that occur on the soot surfacgimijar behaviour (not shown), although they result in higher

The parameterisation of DeMott etal. (1997) uses a NUM<in4| jce crystal concentrations. The curve WBNF= 0.03

ber of active sites for formation of an ice embryo per unit already shows strong signs of homogeneous nucleation at
surface of soot. This is a very strong function of the effective ; _ 55 50¢ where the crystal number density suddenly

freezing temperature, namely: jumps up by a factor of approximately seven. Heterogeneous

is the third moment of the aerosol size distribution. Alterna-
tively, the soot concentration can be translated into the tota
soot surface densit®y (soot surface per unit volume of air),
i.e.

3 Results and discussion

surface number density of active sitesA (7, ﬁ)B 4) nucleation produces some ice crystals betweBa.5°C and
€ —55.5°C, but their number is too low for consuming the
IMore recent values a,, are higher, up to 4« 106 cm?g~1. supersaturation; hence homogeneous nucleation takes over
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Fig. 1. Number density of ice crystals forming from internally Fig.2. As Fig. 1, but computed with initial temperature e73°C
mixed aerosol of sulfuric acid solution with soot inclusions in a and initial relative humidityR H = 50%.

uplifting and adiabatically cooling airmass as function of tempera-

ture (which may be considered a reverse time axis) as simulated in a

box—model. Ice crystals form by heterogeneous and homogeneoursnagnitude to 3¢ 107 m_3) These simulations resulted in
nucleation. The simulations were performed with 10 cm/s uplift, :

with soot mass fractio®MF = 0.1 (of those aerosol droplets that quaht_e}tlvely similar curvesV; vs. T (i.e. vs. time), and the
bear an inclusion), total aerosol number denaigy= 3x 108 m~3, transition between heterogeneous and homogeneous nucle-
and with fraction of aerosol particles bearing an inclusBNF as ~ ation occurred at the same characteristic soot concentration
indicated on the figure. Homogeneous nucleation is signalled by th@s before (not shown). Variation of the geometric mean ra-
steep increase df; with decreasing temperature. dius from 10 nm to 100 nm, and a variation of the geometric
standard deviation from 1.2 to 2.0 yields similar results, i.e.
the transition between the two freezing modes takes place
crystal production at-55.5°C. The next curve wittBNF = over an order of magnitude in soot concentration that can be
001 @y = 4.1 x 10 %cm?L~1) is similar to the previ- fixed at a certain critical value, and the latter does not depend
ous one but shows the characteristics of homogeneous nuroticably on the size distribution of the aerosol.
cleation even more. The fourth curve wiBNF = 0.003 The simulations up to now were all performed with the
(Qv = 1.2x 1072 cm? L 1) shows homogeneous nucleation same initial temperature, such that the number density of
almost exclusively on this plot with lineav;—axis, in par-  active sites for nucleation in the parametrisation of DeMott
ticular the sudden and steep increaseN\giwith decreasing  etal. (1997) was the same for the same soot concentration.
temperature. Further decreaseSMFyields nearly congru-  The potential role of the number of active sites for the tran-
ent curves as the one for the latt@NFvalue shown here. sition between the two nucleation modes could therefore not
It is noteworthy that the transition between the first sign of become effective. Figure 2 shows a set of simulations per-
homogeneous nucleation and full homogeneous nucleatioformed with initial temperature of 73°C and initial relative
occurs within about one order of magnitudeSifiF-values,  humidity of 50%. Soot mass fractions and aerosol number
viz. between about.03 and 0003 for the present case. This density are the same as in Fig. 1, but the soot number frac-
implies also that the transition between freezing dominatedions are higher by about a factor of three. First one may
by heterogeneous nucleation and freezing dominated by honote, that at this low temperature much more crystals are
mogeneous nucleation spans an order of magnitude of théormed than in the warmer case of Fig.1. The reason for
total soot concentration. For the parameterisation of DeMotthis is the decreasing growth rate of single crystals with de-
etal. (1997) that we use here, the critical concentration forcreasing temperature. Thus the consumption of supersatu-
the simulations of Fig. 1 is about 0.01 ngfh(please recall  ration proceeds slowly and the nucleation processes can act
that this number makes only sense within the framework ofionger and at a higher rate, producing more crystals than in
our working hypothesis, namely that the results of DeMottthe warmer case. This effect has been observed earlier in
(1990) can be extrapolated to lower temperatures). simulations by Jensen and Toon (1994). Second, one ob-
Additional series of simulations were performed with the serves that already the curve f8NF = 0.3 bears signs
same initial conditions as so far, but with changed values ofof homogeneous nucleation, such that in this case the crit-
SMF (increased to 0.5) and/, (decreased by an order of ical soot concentration is one order of magnitude larger (i.e.
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SMF=0.1, SNF=0.1, N,=3.E8/m> 165
10000 ¢ . : p—
Eoom .w=10 cm/s ]
w=20 cm/s -~ ] 160
[ w=40 cm/s -------- |
1000 ¢ W=80 cm/s 3
o i ] 155
Y Vi T T
\a) 100 ¥ . o
z : ] 150
10 ¢ E
: 3 145
1 : : : 140 | | | | | | |

-58 -57 -56 -55 -54 -53
temperature (°C)

-56 -55.8-55.6-55.4-55.2 -55 -54.8-54.6
temperature (°C)

Fig. 3. As Fig. 1, but with fixed soot number fraction of 0.1, and Fig. 4. Relative humidity with respect to ic& H; versus tempera-
updraft velocityw as curve parameter, and with logarithmic y—axis. ture (i.e. vs. time) for the box model simulations of Fig. 3, with up-
The solid curve foro = 10cm s Lis identical to the solid curve  draft speed as curve parameter. The dash—dotted nearly horizontal
in Fig. 1. This is the only case that shows no indications of homo-line labelled ‘RH; . is the critical relative humidity for homoge-
geneous nucleation. All other cases with higher updraft velocitiesneous nucleation. It is seen that the supersaturation becomes higher
show effects of homogeneous nucleation that become stronger witfor increasing updraft velocities. Although the critical relative hu-
increasing updraft speed. midity for homogeneous nucleation is surpassed in all cases, this

process in unimportant in the case with= 10cm s1. However

in all other cases it dominates.

~ 0.1ngnT3) than in the simulations shown above. This
happens although the surface number density of active sites
for heterogeneous nucleation increases itself by a factor ofy, = 3 x 108 m=3, and with initial temperature of53°C.
ten between the two sets of experiments. In order to com-The run with 10 cm's! updraft was shown in Fig. 1 as a case
pute this factor it is sufficient to consider the lowest effective that is dominated by heterogeneous nucleation. Additional
temperature achieved during an experiment since this markfuns with updrafts of 20, 40, and 80 cmisshow increasing
the time when the nucleation rate peaks. In the former exsigns of homogeneous nucleation, as demonstrated in Fig. 3.
periments that started &= —53°C the minimum effective  Since the soot concentration is the same in all these sim-
temperature was 39°C while itis —52.5°C in the latter ex-  ulations, this parameter cannot decide here whether or not
periments where cooling started frdfn= —73°C. Theratio  homogeneous nucleation is suppressed. The crucial quan-
of the number density of active sites for heterogeneous nucletity is the temporal evolution of ice—supersaturation. This
ation is therefor¢525/39)% = 10.06 (see Eq.4). Thus we s shown in Fig. 4, where also the critical relative humid-
find that at?” = —73°C it needs about 100 times more active jty for homogeneous nucleatio® H; ., (Koop etal., 2000;
nucleation sites to suppress homogeneous nucleation than garcher and Lohmann, 2002) is plotted versus temperature.
the higher temperature @f = —53°C. Anticipating the re-  The figure shows that in the only case that is dominated by
sults of the following section, one can attribute the increaseneterogeneous nucleation, the supersaturation does not reach
of the critical soot concentration with decreasing tempera-as high values than in the other cases. AlthoRgh . is sur-
ture to (a) the decrease of the diffusion coeffient for waterpassed, the homogeneous nucleation ratesfer 10cm st
molecules in air, (b) the decrease of the saturation vapoufemains low. The supersaturation in the other cases reaches
pressure with decreasing temperature. higher values in spite of the fact that the number of crys-
Finally, the updraft velocity is an important parameter that tals formed by heterogeneous nucleation at the moment when
has to be considered. Previous simulations that took both nuRH; = RH; . increases with updraft speed. Obviously the
cleation modes into account (e.g. DeMott etal., 1997; Spiceconsumption of water vapour by growing ice crystals cannot
etal., 1999; Sassen and Benson, 2000) agree concluding thhglt the increase of supersaturation by cooling of the air in
heterogeneous nucleation becomes relatively unimportant foan updraft ofw > 20cmst, at least for the case considered
updrafts exceeding a few 10 cm’s This expectation is es- here. The same result applies when other combinations of
sentially confirmed by the results of the present model. Sim-SNFand SMF are tried, such that the soot concentration re-
ulations were performed witlsMF = 0.1, SNF = 0.1, mains the same. A corresponding set of simulations with ini-
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442 K. Gierens: Heterogeneous vs. homogeneous freezing

poral evolution of the supersaturation after a number of ice
1 — 1 T T T T 1 T 1 crystals have formed heterogeneously at a supersatusgtion

f Of course g is assumed to be smaller than the critical super-
, saturation for homogeneous freezing. For the sake of sim-

0.8 = | e T plicity | assume that there is only one kind of heterogeneous
i ice nuclei present, all of which freezesat
5 il S 108 Let us assume that the heterogeneous ice nuclei freeze at
T 7] initial supersaturationg. Then the supersaturation changes
% with time due to crystal growth (deposition) and due to fur-
g ther cooling by updraft (and possibly other diabatic processes
= 7] changing temperature, hence changing the saturation vapour
@ pressure*). Thus we have
B EERRRREEEEEEEEEEE RS RRERER, 0.4
- ds d (e—e*
i e 0.2 dt o dt ( e* )
*
I I I I I I I I 0.1 =i*§—(l+s)d|;e =—c(:)—(1+s)RLT2i1—T,(5)
2 3 4 5 6 7 8 9 10 e dt ! € o dt
time (h) whereL is latent heat of sublimatiorR, is the gas constant

of water vapour. In the latter expression | have neglected the
Fig.5. Typical time histories of supersaturation in a cirrus cloud expansion effect on an uplifting air parcel, the time scale of
formed heterogeneously at initial supersaturation of 0.3, and sitwhich (| H/w| with scale heigh# ~ 6500 m) is of the order
uated in an airmass uplifting at about 10 cm/s, such that the up10* to 1Ps. This is much longer than both the growth and
draft time scaler, is 2 h. Curves are shown for various growth time yndraft time scales discussed belawr) is the time depen-

scales, given as curve parameters (in hours). dent deposition rate, for which the following ansatz is possi-
ble:
tial temperature of-73°C and withSNF= 0.3 (not shown) ;) = (¢, — ") /T4 (1), (6)

also leads to the same result, namely that homogeneous nu-

cleation is dominant fow > 20 cmst. However, homoge-  with a time dependent growth time scdlgt). The growth
neous nucleation can be suppressed even in strong updrafts ice crystals begins very slowly, when the ice crystals are
when very high soot contamination of the aerosol is assumedinitially still very small. Only later the nominal growth time
For example, a test simulation wi8NF= 1 at—53°C initial scale (Karcher and Lohmann, 2002)

temperature (other parameters unchanged) showed no homo-

geneous nucleation up to at least= 40cms?t, and in Ty = [(41/3) NDrol 7, (7)

another one where additionalyMF was increased to 0.5, . e .
heterogeneous nucleation dominated stilat 80 cm sl is reached, with diffusion coefficied® and number concen-

and it was necessary to increaséo 1.5 m s lin order to get tration of ice crystalsV. rg is the radius of ice crystals that

a substantial contribution by homogeneous nucleation to icéhey assume after transfer of the initial supersaturagomnto

formation. Such heavily polluted cases can principally occurthe solid phase. Thus | parameterigér) as
nowadays in the upper troposphere of the northern midlati-~
- . t) = 1 — exp(—bt , 8
tudes as a result of aviation emissions (Rahmes etal., 1998)T.g( ) =7/l P(=b1/7)] ®)
whereb is a small number of the order 1, that depends on
) temperature. For the following calculations | simply et
4 Analytical approach 1. With this parameterisation the condensation rate is very

The latter observation of the previous section, namely thaf’ mall initially when the ice crystals begin to grow, thereafter

. . . L -2 U e(r) increases and reaches a maximum value, and it decreases

the time evolution of relative humidity (or supersaturation) is . L .
: . ) again when the supersaturation is consumed. The cooling by
the crucial point to determine whether homogeneous nucle-
) . . ) S e . updraft can be formulated as

ation will dominate cirrus formation in an uplifting airmass
that contains a number of heterogeneous ice nuclei (nucle&T/dt =Tw with T'=—g/c,, 9)
that undergo heterogeneous freezing at a supersaturation be-
low the critical one for homogeneous freezing), allows to de-with gravitational acceleratiog and specific heat of dry air
rive a simple estimate of the critical concentration of hetero-c,,. Introducing an updraft timescale
geneous ice nuclei, which would suffice to suppress homoge-
neous nucleation. This can be done by considering the temg, = (va,,TZ)/(ng) (20)
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Fig. 6. Panel a)smax— sg (given as curve parameter) as a function

of growth time scalerg (in hours) and the ratié = 7¢/7,. Itis
evident thatrmax — so does depend om, only throughf. Panel

b): smax — so (given as curve parameter) as a function of initial

supersaturatiosg and6.

allows to write the differential Eq. (5) in the following form:

ds_1+s S
dr 1, Te(t)

(11)

Introducing the abbreviation(r) = 7,1 — 7, (1)1, the for-
mal solution of the differential equation is

" !/ ’ ! ’ " " ! ’
s(1) = eloatrds / e lemJo @t g 4 g0 ofgathar (1)
0

where the integrals under the exponentials are
t t t 1— e bt/7g
f aydl =~ Ly T
0 Tu Ty b
Fort = Owe haves(0) = sg and forr — oo, s(¢) approaches
asymptotically the limiting valug., = 7,/(ty — 7,), pro-

(13)
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Fig. 7. smax — so VS. 8 = 14 /7, for various values of initial super-
saturatiorsg. The three curves can be fitted very well with quadratic
power functions (i.e. parabolas).

Figure5 shows some typical curveg) for an updraft
time scale of 2h (typical for 10 cm/s uplift), an initial su-
persaturationg = 0.3 and various values of the growth time
scaler,. The most important feature to look at is the ini-
tial hump in the curves with a moderately small growth time
scale. In such situations homogeneous nucleation becomes
dominant when the maximugimax is higher than the criti-
cal supersaturation for homogeneous nucleation. Therefore,
in order to determine this maximum for various combinations
of {z,, 74, so}, | have performed further numerical integra-
tions of the differential Eq. (11).

First, one can note that it is useful to introduce the ratio
6 of the two timescales, i.e9 = t,/7,. Obviously it suf-
fices to study the range € [0, 1). Figure 6a shows that the
maximum supersaturatiomax does depend on the growth
time scale only via the rati8, and thatsmax will normally
be high enough to allow homogeneous nucleation already for
the quite moderate valée= 0.4. The calculations have been
performed forr, = 2h andsp = 0.3. Figure 6b shows that
the difference between the maximum and initial supersatu-
ration depends slightly on the initial value. For parameter-
isation purposes for large scale models | would neglect this
dependence. Figure 7 shows by means of a log—log plot that
smax— so is a power function of; indeed smax—so = /62
is a very good approximation for the curves. The prefactor
f depends on botlky andb in Eq. (8), hence on temperature.
For the following, it should be considered a tunable param-
eter, and | found the best match between boxmodel calcula-

vided 7, /7, < 1. Of course, the solution explodes to in- tions and the analytical approximation by setting

finity, that is, homogeneous nucleation will occur for sure if

T/t > 1.
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Assuming that the initial supersaturatigfis transferred
completely intoN spherical ice crystals of equal size, their
radius would be

3 * 1/3
ro = sSoe (T) 7 (17)
A7 N R, Tp;

with the bulk density of ic@; = 900 kg/n¥. If constant num-
bers are collected, the growth time scale can then be written
in the following form:

7,1 =140 x 10°° 7181 p= L [sge*(T)1/3N?/3. (18)

(All guantities in Sl units). In a similar way it is possible to
write an expression for the updraft time scale:

171 =599w T2 (19)

Now, the condition that homogeneous nucleation does not
get effective is

F(T) (tg/T)? + 50 < 2193 7.47 x 1073T. (20)

Fig. 8. Critical concentration of heterogeneous ice nuclei as a f”nc'lnserting the expressions for the time scales, and solving for

tion of temperature for various updraft speeds (in m/s, given
curve parameter). The curves are computed from Eq. (21) with pres-

sure of 250 hPa and initial supersaturation of 0.3.

The exponent of does not depend of and neither orb.

as,

the ice crystal number density, yields a critical number
densityN,., when an equal sign is set in Eq. (20). This is:
o 281x 101 F(T)3 w32 p3/2

- T55[s0e*(1)1Y2 (shom(T) — s0)¥4’

(21)

c

Thus, one can set up the following criterion: If the su- (Again, everything in Sl units, i.e. ©%, m/s, K, and Pa).
persaturation can increase to the threshold value for homoThe critical number density. marks the transition region

geneous nucleationy gy, the latter will dominate in cirrus

between homogeneous and heterogeneous cirrus formation.

formation, that is, much more ice crystals will be produced It should be understood as a rough estimate. This means that
by homogeneous than by heterogeneous nucleation. Whethére production will be dominated by heterogeneous processes
smax Will reach such a high value depends on the supersatif the concentration of heterogeneous ice nuclei exceggs

uration necessary for heterogeneous nucleatignon tem-
perature (sincen oy depends linearly off), and on the ratio
of the relevant time scales, /7,. For checking the criterion

one computesmax~ f(T) (tg/)? + so.

in turn, it will be dominated by homogeneous nucleation if
N is smaller than the critical valu¥, by about half an order
of magnitude or even smaller.

As Eq. (21) shows, the sensitivity of the critical concentra-

Finally, | derive a formula for the limiting case where tion of heterogeneous ice nuclél,, to changes of tempera-
smax = Shom(T)- First, | define the threshold supersatu- ture and updraft speed are much more important than those
ration for homogeneous nucleation as that value where oné0 changes of eithesp or p (althoughp has also the power
ice crystal per cubic metre will be formed in an uplifting air- 3/2; but the relative variation of in the upper troposphere

mass. From the boxmodel calculations | find

Shom(T) = 2.193— 7.47x 10737, (15)

is generally small compared to variationswf. The depen-
dences ofV, on temperature and updraft speed is illustrated
in Fig. 8.

whereT is in K. Next we need an expression for the growth 5 Summary and conclusions
time scale (see above). The coefficient of diffusion of vapour

in air, D, can be parameterised as:

T 1.94
D=211x 1075 <—> (@> : (16)
To p

with D in m?/s (Pruppacher and Klett, 1978). Hefk, =
27315K, po = 101325 Pa, ang is air pressure.

Atmos. Chem. Phys., 3, 437-446, 2003

In this study | have investigated the transition between cir-
rus formation due to heterogeneous freezing on the one hand
and homogeneous freezing on the other. The study was per-
formed by means of boxmodel simulations of the freezing of
a certain type of heterogeneous ice nuclei (aerosol particles
that freeze heterogeneously below the critical humidity for
homogeneous nucleation). For these | have chosen an inter-
nally mixed aerosol consisting of aqueous solution droplets

www.atmos-chem-phys.org/acp/3/437/
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of sulfuric acid where a fraction of these droplets bears amircraft engine with a specific soot emission of 0.02g per
inclusion of soot. It was assumed as a working hypothesikg kerosene burnt (Schumann, 2002), assuming a fuel flow
that such an aerosol freezes according to the parameterisaf 0.8kgs™! and a flight speed of 250 % can yield a
tion given by DeMott etal. (1997). The aerosol cloud was soot concentration in the first second after emission of about
situated in an uplifting and thereby adiabatically cooling air- 10 ng 73, which is much higher than the critical values
mass where it eventually formed ice crystals. The initial tem-listed above. Thus, cases withgot~ 1 ngnt 2 in internal
perature of all simulations was53°C or lower. mixture are not impossible in the atmosphere, and can prob-
The boxmodel simulations have shown that the transitionably be produced in the northern hemispheric tropopause re-
between homogeneously dominated and heterogeneoushyion by aviation (Rahmes etal., 1998). In such heavily pol-
dominated cirrus formation occurs over a range of heterogetuted cases homogeneous nucleation would be suppressed
neous ice nucleus concentration of about one order of maguntil updrafts of about 1 Mg or so are reached. Rahmes
nitude. This transition can in principle be characterised by aetal. (1998) have computed that the 1992 aviation produced
critical concentration of heterogeneous ice nuclei which de-a soot concentration above #ng mi3 in a considerable at-
pends in particular on temperature and updraft speed. Frormospheric volume in the northern hemisphere. Thus it can-
the box model simulations it was possible to determine crit-not be excluded that heterogeneous nucleation is much more
ical soot concentrations of the order 0.01-0.1 ng mHow- important for cirrus formation in the northern hemisphere
ever, several uncertainties exist in the derivation of the crit-than anywhere else. In fact, recent lidar measurements of
ical soot concentrations. First, the precise mechanism byirrus clouds in both northern and southern midlatitudes sug-
which ice germs are formed on soot surfaces is currently ungest that just this is the case (Immler and Schrems, 2002).
known. The parametrisation | have used for heterogeneous |f the concentration of heterogeneous ice nuclei is just
nucleation (DeMott etal., 1997) is a simple extrapolation of above its critical value, the corresponding heterogeneously
results DeMott (1990) has obtained for water droplets withformed cirrus cloud will be much optically thinner (perhaps
soot inclusions between25°C and—40°C to sulfuric acid  even subvisible) than a cirrus formed homogeneously, be-
solution droplets with inclusions and to temperatures belowcause much less ice crystals are produced via heterogeneous
—53°C. This is a bold procedure that must be viewed with nucleation just above the threshold than via the homogeneous
caution. Second, | have used a specific soot surface that is iprocess. The clouds get, however, optically thicker again
the lower range of currently accepted values. Higher specifigyith increasing concentration of heterogeneous ice nuclei al-
soot surfaces would translate into lower critical soot concenthough they generally will be less optically thick than those
trations. Third, it turned out that the temperature dependencgéormed homogeneously. Thus, over polluted regions there
of water vapour saturation pressure and of the deposition comay be a higher coverage of cirrus clouds (because of the
efficient (more exactly: details of the initial growth of small |ower formation threshold), but the clouds will probably be
ice crystals, see also Gierens etal., 2003) are as important aginner. An exception of this rule is the formation of con-
the surface number density of active nucleation sites for thejensation trails because there the concentration of heteroge-
determination of the critical soot concentration. Their valuesneous ice nuclei is by many orders of magnitude higher than
resulting from the simulations should therefore at best con4n the background atmosphere. Cirrus optical depths in re-
sidered estimates and not be taken as exact quantities.  gions with a heavy load of air traffic therefore may be on the

The boxmodel simulations suggested to consider the temayerage larger than in other polluted regions of the northern
poral evolution of ice supersaturation after an assumed helhemisphere.
erogeneous freezing event at an initial supersaturaiQio
be crucial for the qugstlon Whether homogeneous n.UCIeatlpll\cknowledgementsThis work has been performed for the project
can later take over plrrus formatlpn or not. An analytical eSt_I' “Dlnner Zirrus” (thin cirrus) which is financed by the Deutsche
mgte has b‘_aen der'VEd_ that provides the critical ConcentratlorI’—'orschungsgemeinschaft under grant Gi 333/1-1. It contributes also
ofice nuclei as a function of temperature, updraft speed, aMyg the project PAZI (Partikel aus Flugzeugtriebwerken und ihr Ein-
bient pressure, ang. This formula can be used for simple flyss auf Kondensstreifen, Zirruswolken und Klima), funded by the
decision measures in cirrus parametrisations of large scal8trategiefonds of the Helmholtz—Gemeinschatt.
models, of which nucleation mode should be switched on
and which should be switched off.
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