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Abstract. The homogeneous freezing of supercooled of this process has been emphasized in many previous stud-
H2SOy/H20 aerosols in an aerosol chamber is investigatedes (Heymsfield and Sabin, 1989; Sassen and Dodd, 1989;
with a microphysical box model using the activity parame- Jensen and Toon, 1992; Heymsfield and Miloshevich, 1993;
terization of the nucleation rate by Koop et al. (2000). The Jensen et al., 1998; Lin et al., 1998; Field et al., 2001). It has
simulations are constrained by measurements of pressuréeen shown that the special class of orographic ice clouds
temperature, total water mixing ratio, and the initial aerosolpredominantly forms at large supersaturations with respect
size distribution, described in a companion papebliMr  to ice at temperatures below the spontaneous freezing point
et al., 2003). Model results are compared to measurementsf pure water ¢ 235 K), and it seems likely that homo-
conducted in the temperature range between 194 and 235 Kjeneous freezing of supercooled solutions is the dominant
with cooling rates in the range betwees @nd 26 K min—1, ice particle formation mechanism for this cloud type, given
and at air pressures between 170 and 1000 hPa. The simthe large cooling rates of air parcels induced by atmospheric
lations focus on the time history of relative humidity with waves. It has been demonstrated that one way to form po-
respect to ice, aerosol size distribution, partitioning of wa- lar stratospheric ice clouds occwisa homogeneous freezing
ter between gas and particle phase, onset times of freezingf diluted supercooled aerosols composed gOHH, SOy,
freezing threshold relative humidities, aerosol chemical com-and HNG; (Carslaw etal., 1997), although other formation
position at the onset of freezing, and the number of nucleateghathways may exist (Peter, 1997).
ice crystals. The latter four parameters can be inferred from The homogeneous nucleation rates used in previous nu-
the experiments, the former three aid in interpreting the meamerical simulations of cirrus formation were subject to sig-
surements. Sensitivity studies are carried out to address theificant changes over the last decade (Jensen and Toon, 1991;
relative importance of uncertainties of basic quantities suchrabazadeh etal., 1997, 2000), with a tendency to predict
as temperature, total # mixing ratio, aerosol size spec- higher freezing threshold relative humidities when more re-
trum, and deposition coefficient of @ molecules on ice. cent laboratory results were used to derive the rates (Koop
The ability of the numerical simulations to provide detailed etal., 1998; Chang etal., 1999; Koop etal., 1999; Bertram
explanations of the observations greatly increases confidencegt al., 2000; Chen etal., 2000). Recently, it has been shown
in attempts to model this process under real atmospheric corthat the threshold relative humidities for homogeneous freez-
ditions, for instance with regard to the formation of cirrus ing of chemically different supercooled droplets in fle-
clouds or polar stratospheric ice clouds, provided that accusize range are almost similar, provided the freezing droplets
rate temperature and humidity measurements are available.(which may contain different types and amounts of solutes)
have the same water activity at a given temperature (Koop
etal., 2000).

In this work, we present a comprehensive comparison
of results from ice nucleation experiments carried out in

Although it remains a subject of debate under which at-the aerosol chamber AIDA (Aerosol Interaction and Dy-

mospheric conditions homogeneous freezing of supercoolefi@mics in the Atmosphere) of Forschungszentrum Karlsruhe

aerosols leads to the formation of cirrus clouds, the relevanc&/ith microphysical simulations of the ice initiation process
and the initial growth phase of the ice particles using the
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50 convective activity. Thus these measurements very closely
mimick real atmospheric conditions prevailing in cirrus or
polar stratospheric ice clouds.
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Figure 1 depicts the overall evolution of the temperatfire
(black solid curve) and pressuge(red curve) in the cham-
ber volume, the wall temperature (black dotted curve), and
the total water volume mixing ratig (blue curve) taken
during a typical freezing experiment. The latter is mea-
sured in an ex-situ mode with the Lymanhygrometer of

0 the Forschungszentrurilith (Fastin situ Stratospheric Hy-
grometer, FISH). For a more detailed description of th®H
measurements in the AIDA chamber, we refer to the compan-

. L ion paper (Mbhler etal., 2003). The FISH instrument demon-
Fig. 1. Variation of pressure, gas and wall temperature, and total wa-

ter inside the AIDA chamber during a typical freezing experiment. Stra_ted It.s reliapility to accur_ately measure_ IO\Q/CD-Iconcen-_
The time scale starts with the generation of binapSBy/H>0O traﬂtlons (in the ppm-range) in numerous airborne campaigns
aerosol. In the period from 220 min to 240 min the fast pressure(ZOger etal., 1999).
drop leads to a rapid decrease of the gas temperature, a strong su- 1he freezing experiments in the AIDA chamber start at
persaturation with respect to ice, and the initiation of spontaneousiomogeneous temperature and relative humidity conditions.
freezing of the supercooled aerosols by homogeneous ice nucleFhe initial relative humidity with respect to ice (RHI) is close
ation. The variation of total water indicates thgi®linteracts with  to ice saturation, established by coating the chamber walls
the chamber walls. with water ice before each experiment. Before cooling, a
slight offset of 01 — 0.2 K is observed in Fig. 1 between the
mean temperatur of the gas in the chamber volume and
Deutsches Zentrumif Luft- und Raumfahrt (DLR) The the mean wall temperature @y"er eta|_, 2003)
measurements are described in detail in a companion paper syifuric acid particles are added to the chamber at a con-
(Mbhler etal., 2003), but we recall some features relevant tostant pressure. They quickly equilibrate with the available
the comparison, for convenience. The simulations use th§yater vapor, forming liquid HSOs/H,0 solution droplets.
activity-based parameterization of the homogeneous nuclem the first 3 hours7’, p, andg remain relatively constant and
ation rate developed by Koop etal. (2000). the aerosol size distribution is slightly modified by Brownian
Despite some effects introduced by the large but finitecoagulation and wall deposition processes. After 220 min
measuring volume, of which special care has to be taken inthe chamber is cooled by volume expansiéa controlled
the model, the AIDA approach to simulate ice formation haspumping. Cooling is adiabatic only in the very first stage
a great advantage over airborne measurements: importanif the evacuation phase @ler etal., 2003). During this
quantities such as the total water mixing ratio and temper-evacuation of the vessel, drops several degrees below the
ature are obtained with high precision in one volume of airwall temperature, which remains constant due to the very
where the phase transition actually takes place. This providekrge heat capacity of the alumimium vessel walls; see Fig. 1.
tight constraints for the numerical calculations. As will be discussed below, the expansion-cooling allows to
In the field, it is very difficult to perform Lagrangian-type achieve high supersaturations with respect to ice, sufficient
flights to be able to describe cloud formation in a similar to induce homogeneous freezing in the strongly supercooled
manner, even in quasi-stationary wave clouds. Thus, in many12S0O4/H>0 aerosol.
cases, the resulting uncertainties in the computed relative hu- When the pumping is stopped at 240 mihstarts to rise
midities and other variables render definite conclusions aboudriven by the heat flux from the (warmer) chamber walls un-
the nature of the underlying nucleation processes impossiblédil it becomes equal to the wall temperature, indicating that
In other laboratory studies of ice formation, itis very difficult the chamber returns to a thermodynamic equilibrium, as de-
to prepare realistic polydisperse aerosols and dynamical erpicted in Fig. 1. Refilling the chamber with dry synthetic air
vironments, and many experiments have been carried out usst 320 min leads to a transient warming of the gas. Under
ing constant temperatures and monodisperse, gsupesized  nearly constant pressure conditions after 400 min, the cham-
droplets. In the AIDA chamber, the number and size distribu-ber equilibrates again.
tions of aerosol particles, relative humidities, temperatures, The FISH measurements show an increase of th@-H
and pressures are typical for the upper troposphere and lowenixing ratio ¢ during the initial rapid cooling phase. This
stratosphere; the cooling rates are typical for strong wave ois a result of a net flux of water vapor from the ice-coated
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chamber walls into the cooler gas. The molecular flux of 204 11— 200 — 24
H»0 is associated with the heat flux discussed above. During i
the cooling phase, ice particles are formed from the aerosol -
as discussed in Sects. 4 and 5. 902 B

The decrease af after the cooling phase may be caused =
by sedimentation of large ice particles, by wall impaction,
or by inefficient sampling by the FISH inlet (the diameter
below which the particle sampling efficiency is near 100% is
~ 7um). Itis currently not possible to estimate the relative
importance of these processes in redugjngn the basis of
the measurements. Using a simplified parameterization of
the apparent loss of total water, we will return to this issue in
more detail in Sect. 4.3.
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3 Modeling
Fig. 2. Modeled cooling period of the case study starting’at

We employ the DLR aerosol/cloud trajectory model APSC, 202K, p = 180hPa, ang = 11ppmv. The wall temperature
dotted curve) varies only slightly. These curves are extracted from

with modules treating the microphysical processes involved: : " ; : o
in the AIDA experiments. Results of this model obtained ig. 1 by converting the time units from min to s and by shifting the
) time axis; pumping now starts after 180s.

during phase 1 of the Global Energy and Water Cycle Experi-
ment (GEWEX) cirrus parcel model intercomparison project

are discussed in Lin etal. (2002) andi¢her and Lohmann Growth and evaporation of aerosols are treated using the
(2002). A description of the model physics relevant to the gnaiytical predictor of dissolution (APD) scheme introduced
present studies is given below. by Jacobson (1999). This scheme is non-interative, uncondi-
We constrain the simulations by prescribing the initial tionally stable, mass-conserving, and fully coupled to the gas
aerosol size distribution and the measured temporal evolutiophase. In the APD scheme, the size-resolved mass concentra-
of temperature, pressure and total water mixing ratio, similartions of all chemical components in the aerosol particles and
to the case study depicted in Fig.2. Recall that the expantheir respective concentrations in the gas phase are tracked
sion cooling becomes non-adiabatic shortly after the onsegs a function of time. (In the current simulation, only®1
of pumping. The model solves the equations governing conis allowed to change.) A measure of the mass concentration
densational growth of the liquid particles and depositionalis the mass fraction, that is the mass of a given species in
growth of ice particles by uptake of water vapor. The physi-a particle divided by the total particle mass. Note that the
cal processes are treated kinetically over a moving center sizp,SO, mass fractionW in an aerosol particle depends on
structure (Jacobson, 1999). In the moving center size structhe particle size due to the Kelvin effect. The bulk phase va-
ture, size-bin edges are fixed, but the particles are allowed t@or pressure of water is taken from Luo etal. (1995). The
grow or evaporate to their exact sizes. If the average volumeelvin term enhances this pressure significantly for particles
of a particle in a bin grows larger than the high-edge volumewith radii below about 0.0m. Coagulation processes are
of the bin, all particles in the bin are moved to a single bin switched off in the simulations, as they are too slow to af-
bounding the new average volume. This scheme is almosfect the freezing process and the growth of the pristine ice
free of numerical diffusion, because all particles are movedparticles. (This cooling and growth phase lasts only about
to the same size bin and are not partitioned amongst two 08B0 min.) We define a constant loss of liqui$0;/H,0
more size bins. particles in the simulations, corresponding to the observed
Aerosol and ice particles are treated as separate particldecrease of the total number concentration of aerosol parti-
types. The aerosol and ice particle size distrubutions are diseles at constant pressure conditions in the AIDA chamber due
cretized over 80 size bins with a constant bin-volume ratioto particle sedimentation and diffusional losses to the cham-
of 1.6, starting at a minimum patrticle radius of 1 nm. The ber walls.
constant time step chosenAs = 0.1s, sufficiently small With regard to freezing, we use the homogeneous nucle-
to yield accurate numerical solutions. The initial size distri- ation rates/ measured and parameterized by Koop etal.
bution of the aerosol particles is lognormal, with dryS0, (2000). In this formulation,/ depends only oif’ and on
mass, mean mass radius, and geometric standard dewiationthe water activitya (W, T) of the aerosol particles, which, in
as input parameters. As we are only interested in the growthurn, is size-dependent. The principal features of cirrus for-
of freshly nucleated, small (up to severah) ice particles, mation driven by adiabatic cooling based on these measure-
the assumption of a spherical shape is reasonable. ments have been discussed elsewher@¢Ker, 2002; Lin
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etal., 2002). At each time step and in each size bin, we cal- 103 T
culate the nucleation time scalgc = 1/(VJ), whereV is
the particle volume, and compare it with the time step 102

The fraction of freezing aerosol particles in each time stept,
is thus proportional to ex@-Ar/t)- This method allows ‘g 10t
partial freezing in each aerosol size bin and conserves the¢ ©
total mass of each chemical species. E 100
Growth and evaporation of ice crystals are treated using <
the analytical predictor of condensation (APC) scheme in- — 10!
troduced by Jacobson (1999). This scheme is similar to the ~
APD scheme, but the vapor pressure here is only a functior @ 10-2
of temperature. For ice particle growth by® vapor de- %
position, we use a deposition coefficient of 0.5 as a baseline~__ 10-3
value, motivated by laboratory studies (Haynes etal., 1992). %
We emphasize that it is of great importance to accurately  10-*

[ - AIDA
/ APSC 0=2.0

APSC 0=1.75
simulate the relative humidity in the chamber volume in any | APSC 0=1.5 |

study of freezing nucleation. As discussed with the help of 105 Lot ool 0 bl )00
Fig. 1, the total HO mixing ratio varies as a function of time 1072 107! 10° 10! 102
due to interactions between the gas phase and the ice-coate Diameter D, [ |

walls. Independent measurements of th&Honcentration

in the gas phase are not available. The question arises how féig. 3. Wet initial aerosol volume size distributions for the case

consider these wall effects in the model. study shown in Fig. 2. The solid curves represent model fits to the
We constrain our simulations with the measured total wa-AIDA measurement represented by the dashed curve. The green

ter mixing ratios, but calculate the time-dependent partition-CUrve is used in the baseline simulations.

ing of HoO between the gas phase, the aerosol phase, and the

ice phase EXp“?'ﬂy' At e;ach time step, weincrease the mOde\I/ant for our study, as the freezing process is terminated while

gaseous BO mixing ratios corresponding to the increase of

: ; is still i ing.
the FISH data during the cooling phase, q 1s stitincreasing

H2O(totahrpisi + —  H20(gagapsc 1, 4 Case study at 202K

and remove the model ice water corresponding to the de- . ) . _
crease of the FISH data after freezing We analyze in detail a cooling event starting at 202 K and an

initial pressure of 180 hPa (experiment A3as noted in the
HoO(totahpisy | — HoO(ice)apscd - companion paper); see Fig. 2. The total time of the simula-

tion is 40 min, starting 180 s before the chamber cooling.
In this manner, both, D fluxes from the chamber walls (in-

creasingy) and losses of ice water (decreasif)gare implic- 4.1 Initial aerosol size distribution
itly taken into account, reducing uncertainties in the simu-
lated time history of relative humidity. Recall the reasons for The dashed curve in Fig. 3 represents the initial aerosol vol-
the loss of ice water after the cooling phase: sedimentatiorume distribution measured in the AIDA chamber with the
of large crystals; particle losses caused by impaction on thdielp of a differential mobility analyser (bhler etal., 2003).
chamber walls or on the mixing fan; undersampling of largeIn the APSC simulation, we fit this distribution with a dry
crystals by the FISH instrument. At each time step, we de-mean mass radius of6m and a geometric standard de-
crease the modeled ice water content by subtracting the valugiation of o = 1.75 and let the resulting aerosol equilibrate
q(t) — q(t + Ar) > 0, starting from the ice mass present in with the available water vapor (green curve). We use these
the largest bin of the ice crystal size distribution, until the aerosol parameters as baseline values in the model.
modeled total water content becomes equal to the value indi- Freezing predominantly occurs in the large size portion
cated by the FISH instrument. Of course, this removal of iceof the aerosol spectrum, since the homogeneous nucleation
mass in the model is not intended to be a realistic calculatiorprobability increases with the liquid aerosol volume (Prup-
of the above-mentioned ice water losses. pacher and Klett, 1997). Unfortunately, there is only very
The degree to which remaining uncertainties caused byimited experimental information about particle sizes greater
the precision and accuracy of the FISH and temperaturéghan~ 1 pm.
measurements affect the simulation results are addressed in To investigate the influence of the initial aerosol size distri-
Sect. 6, along with other sensitivity studies. We note, how-bution on the number of nucleated ice particles, we have also
ever, that the decreaseg#fter the cooling phase is not rele- run the model with a narrower size distributien £ 1.5, red

Atmos. Chem. Phys., 3, 195-210, 2003 www.atmos-chem-phys.org/acp/3/195/
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curve), and a distribution with larger liquid particles £ 2, O e e e s s
blue curve). The narrow size distribution is a good represen- N A 1
tation of measured total particle volume, whereas the broac 160
distribution yields a better fit of the measured total number i 18 T i
concentration of aerosol particles. The results of these sensi 150 B el 1]
tivity studies are presented in Sect. 6. 140 o |
o 162 [ - 1

4.2 Relative humidity 5 130 | =z |

— B 160 -
The simulated time evolution of RHI is shown in Fig. 4. Ini- T 120 / \ —
tially, gaseous KO is in equilibrium with the ice-saturated = - 199 sl o b
chamber walls. However, our simulation starts with a RHI 110 — Time [s] 7
of only 90%. This offset is caused by a combination of i T
the experimental uncertainties in measuringnd HO and 100 ;J T i
wall temperature inhomogeneities that are not fully captured 90 _|
by the 4 independent measurements of the wall temperatur L i
from which the mean wall temperature is calculatedtiér go b v b b b By
etal., 2003). (The mean gas temperature also results from - 0 400 800 1200 1600 2000 2400
measurements at different locations in the chamber. In con- Time [s]
trast to the wall measurements, however, rapid mixing in the
chamber ensures that inhomogeneitie® af the AIDA vol- Fig.4. Modeled relative humidity with respect to ice. The hor-
ume remain relatively small.) izontal line at 160% indicates the critical supersaturation for ho-

While the pressure drop in the chamber reduces the vaMogeneous ice nucleation at 198 K for particles with a diameter of

por pressure of 0, th ice Saturation pressure drops more - 04 2703 ez e scale of i (Koop et 2000 e
rapidly due to the decreasing gas temperature. Thus, C00“n§eaches a peak value of 16%. The black (red) circle marks the

of thg_gas leads to a rapid increase of RHI. For the glYenfreezing onset conditions derived from the model (depolarisation
conditions, the measurements by Koop etal. (2000) yleldmeasuremems) see Fig. 7.

an approximate threshold value for homogeneous ice nucle-

ation (RHhye) of ~ 160%. (More precisely, RHi varies

from 161% to 157% for freezing droplet radii in the range o L , ,

0.1 2m to 5m and a freezing time scale of 1 min.) When to 100%. At _th|s time,p is still falling, reducing the l_2|O.
this threshold is exceeded at around 300s, a fraction of th@umber density. On the other hand, the FISH data indicate
aerosol particles start undergoing the phase transition. Thi'at¢ rises due to a net molecular flux from the chamber
black and red circles mark the freezing onset conditions ob-Wa”S' This HO flux compensates the pressure-induced de-

tained with the APSC and measured in the AIDA respec_crease of HO and re-establishes equilibrium between the
tively, as discussed in more detail in Sect. 4.3 Ho’w far themoisture in the chamber and the ice-coated chamber walls

RHI can exceed the critical value depends on the number oftt the lower pressure, as will be elucidated in Sect. 4.5.

ice crystals formed, which in turn depends®dT/dt, and ~ We also ran the model assuming a constant toja Hhix-
aerosol freezing properties. We come back to this issue wheifld ratio (not shown here), i.e. ignoring the observed increase
discussing Fig. 11. in total water during cooling. These calculations show a con-

After the onset of freezing, rapid depositional growth of tinuous fall of RHI to values below 70% after 800's, in sharp
the nucleated ice crystals lowers the gas phase concentratigiPhtrast to the measurements. This underlines the impor-
of H,0 and halts the rise of RHI due to ongoing cooling of tance to constrain such types of simulations with accurate
the chamber air. (According to Fig. Z,continues to fallun- ~ measurements af and 7', which are hard to obtain in air-
til + = 600s.) Despite the low temperature and the highborne field campaigns.
cooling rate, which both favor larger differences between On two occasions near 800s and near 1400s, RHI drops
the peak and the threshold values of RHI, the peak RHI ofslightly below ice saturation (Fig. 4). These drops in RHI are
1655 % is only 35 % larger than RHj,c. When RHI starts  correlated with a smaller pumping speed and therefore with
falling below RHhy¢, no further ice particles are formed, but an enhanced temperature increase (recall Fig.2). The brief
depositional growth of the existing ice particles continues.undersaturations force the ice particles to partially evaporate,
Exchange of HO with the aerosol particles does not affect which tends to establish equilibrium again. The explanation
the evolution of RHI significantly, as the water content in the of this subtle detail in the evolution of a highly sensitive
aerosol particles remains small; see Sect. 4.5 and Fig. 10. quantity such as RHI increases the confidence in the abil-

After about 600 s, whed” begins to rise due to the heat ity of our model to simulate the physics of the freezing and
flux from the chamber walls (recall Fig. 2), RHI comes close growth processes correctly.

www.atmos-chem-phys.org/acp/3/195/ Atmos. Chem. Phys., 3, 195-210, 2003
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Fig. 5. Pressure a_nd total number concentratlo_ns of particles in the %00 350 240 260 380 200
chamber versus time. The dashed curve depicts the aerosol me: Time [s]

surements (sum of concentrations of aerosol and ice particles in

the diameter range 20 nm tq.3n). In the simulation (solid curve, . ) ) ) )
aerosol particles only), freezing of a small fraction of the aerosol F19: 6. Modeled number density of ice particles versus time. Per

particles is indicated by the sharp decrease at 345 s. During the mo&€finition, the onset of freezing is found at:i330_33ec' the time when
of the time, the total particle number concentration closely follows 1€ concentration of ice particles exceeds 16m™ (not visible).
the observed pressure drop (red curve). The corresponding freezing temperaturé&igc = 197.8 K.

4.3 Particle number concentrations have been detected due to the high-size cut-off of the particle
counter and depending on the evaporation rate of the parti-

The simulation starts with a reservoir of 1460chH,SQ;  cles in the detection system).

aerosol particles, which is close to the observed total number In Fig. 6, we define the onset of freezing at 330s. A max-

concentration in the AIDA chamber. The volume expansionimum ice humber density of 94 cm is reached within 20s.

via pumping causes the aerosol number concentration to de-urther nucleation of ice particles is prevented by the fall of

crease; see Fig.5. Over most of the simulation period, theRHI below the freezing threshold. The time scalef the

observed and simulated particle concentrations agree welucleation event at the freezing temperature of 198K is in-

and closely follow the pressure evolution. At constant pres-versely proportional to the cooling ratd/dt, as given by

sure conditions before 200 s and after about 1400 s the totakarcher and Lohmann (2002):

number concentration also slightly decreases. This is caused

by the loss processes 0HHO,/H20 aerosols in the AIDA o] = (78.5d—T[K s*1]>_1,

chamber (recall Sect. 3). dt

An exceptional change occurs at 345 sec. At this point, the

modeled aerosol number concentration exhibits a sharp dénserting the observed cooling rat& /d: = 0.012Ks™* at

crease, indicating the transition of the liquid to the ice phase198 K, we obtaint ~ 1s. We have checked that this com-

Freezing occurs within only several tens of seconds, becauseares well with the full width at half maximum of the size-

the occurrence of this sharp decrease coincides with the pedRtegrated nucleation puls&(), which is~ 3's according to

of the RHI-curve as shown in Fig. 4. (We have used the factour simulation.

that most of the ice crystals form in the peak region of the In Fig.7, the simulated total ice humber density is com-

RHI curve in the analytical parameterization of cirrus forma- pared with the AIDA data (black curve) representing all ice

tion (Karcher and Lohmann, 2002).) The simulated aerosobparticles with diameters exceedingdlm (Mohler etal.,

concentration drops by about 90 particles pefcwhich is ~ 2003). Only particles- 1.5um are counted as ice parti-

equal to the number of ice particles formed; see Fig.6. Incles in the optical particle counter measurements in order to

the experimental data shown in Fig.5, the drop of the par-avoid counting of large aerosol particles. In the model, the

ticle concentration cannot be discerned, because the particlgifference between the total ice particle concentrations and

counter measures the sum of aerosol and ice particle concetihe concentrations of ice particles 1.5 um (not shown) is

trations (although at later times larger ice particles may notvery small. We will return to this issue in Sect. 6.3.

Atmos. Chem. Phys., 3, 195-210, 2003 www.atmos-chem-phys.org/acp/3/195/
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Simulation Observation
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Fig. 7. Ice particle number densities versus time (modeled total number concentrations on the left panel, measured concentrations for particles
with diameters> 1.5 um on the right panel). The simulation shows two results with and without loss of ice water caused by sedimentation,
wall impaction, or undersampling of large ice particles (solid and dashed curve, respectively). The simulated evolution of concentrations
of ice particles with diameters 1.5um (not shown) is almost identical to the curves shown. The vertical bar depicts the experimental
uncertainty in measuring ice number densities with the optical particle counter. The red curve depicts the measured depolarisation signal
detected with an Argon laser, ascribed to the formation and growth of ice particles. The freezing onset conditions from the APSC and the
AIDA depolarisation signal are also shown as black and red circles in Fig. 4.

If we take into account the above-mentioned losses of ice4.4  Aerosol size distributions and chemical composition
water by empirically relating the simulated ice water con-
tent to the observed decrease of the total water mixing ratid-igure 8 displays the changes in modeled size distributions at
(Sect. 3), the simulation shows a similar decrease of the icéhe time of particle freezing. We first discuss the ice particle
particle number density as the measurements, compare trgpectrum in the bottom panel, given as the number density
solid and dotted curves in Fig. 7 taken from the simulation. of ice particles in each bin. The first ice particles are seen
at ~ 330s with a mean number diameter ned@ ©Om. Up

Both, the onset of freezing and the total number d_ens:ity A% 3505, the mean size increases only slightly, but the con-
very yveII_ captured by the S|mulat|op. The sharp rise in _de'centration rises by a factor 40indicating slow growth and
p.olar|sat'|on of backsc.attered Ia;er light (red curye) COIn‘?'desrapid freezing. Thereafter, freezing is terminated and the ice
nicely with t_he _detect|0n Of. _parUcIes by _the opthal particle particles grow to a mean diameter ofiZzm at 380s, a size
counter, which is only sensitive to large (ice) particles. range where growth is almost fully controlled by diffusion.

The delayed increase of the ice particle concentration meaAs the radial growth rate in the diffusion regime is inversely
sured with the optical particle counter relative to the APSCproportional to the particle size, small particles grow faster
result is not linked to the 1,6m counting limit. It is rather  than larger ones, creating a relatively narrow size spectrum
caused by the partial evaporation of ice particles in the meaeof pristine ice particles. The separation into rapid freezing
suring device (Mbhler etal., 2003). In the early stages of and subsequent relatively slower growth supports the inter-
ice particle growth, the smallest particles detected by the inpretation of the measured depolarisation of the backscattered
strument experience a heating and evaporate and shrink taser light at the time of nucleation, as detailed in Sect. 3.1 of
diameters below 1.6m, where they cannot be distinguished the companion paper (&hler etal., 2003).
from large aerosol particles. As the ice particles in the cham- As the aerosol size distribution in Fig. 8 (top panel) shows,
ber grow, this effect becomes less and less important and it iso freezing of liquid sulfuric acid aerosol particles occurs for
unlikely that the measurements underestimate the peak nundiameters larger thanr 4 um. At first glance, this seems
ber density of ice crystals. surprising because the homogeneous freezing rate should in-
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Fig. 8. Modeled aerosol number size distributions (top panel) and ice particles number size distributions (bottom panel) around the time of
ice nucleation. The color coding displays the simulation time advancing in steps of 10s. The dotted curve in the top panel is the initial
aerosol size distribution.

crease with the particle volume. These largest aerosol partito equilibrium with HO in the gas phase, and react almost

cles remain liquid because transport of water vapor to them isnstantaneously to the changes of RHI. Because of the dif-
limited by diffusion in the gas phase. During the rapid cool- fusion limitation, the larger aerosol particles evaporate water
ing in this experiment, the water activity in the larger par- molecules more slowly when RHI starts to fall after 340 min,

ticles lags behind the relative humidity. Hence, at the timeas indicated by the humps in the curves shown in Fig. 9 in the
when freezing of e.g. Am particles commences, the water diameter range 5 10um.

content (or water activity) of larger (e.g.4m) particles is

too small and the solution droplets are too acidic to undergo4.5 Partitioning of water

freezing.

This finding is further supported by Fig. 9, showing®  As detailed in Sect. 3, all simulations are constrained with
mass fractionsV as a function of time and particle size. The measured total water mixing ratios, so that at each time, total
dotted curve displays the mass fraction distribution at the bewater in the model equals its measurement value. Figure 10
ginning of the simulation. As long as no freezing occurs, shows the modeled partitioning gfinto water vapor, liquid
condensational growth driven by the increase of relative hu{aerosol) water content, and ice water content, which cannot
midity dilutes the supercooled droplets. At 3408,peaks be inferred from the measurements.
at 75% in lum-sized droplets. Note that very large droplets Initially, the major part of total water resides in the gas
with diameters above 20m stay at relatively low HO mass  phase, with only little liquid water present in the aerosol.
fractions close to their initial value. The aerosol water content increases owing to condensational

Aerosol particles below.@ um in diameter take up little  growth of the supercooled droplets before freezing, there-
H>0, too, due to the Kelvin growth barrier. In contrast to after it decreases. The zoom of aerosol water content in-
the large droplets, the small droplets always stay very closeside Fig. 10 shows a steep decrease between 340 s and 350s.
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Time [s] ing phase is finished.
80 ——Tr The dotted curves display the expected behavior of the sys-
5 ] tem in the absence of losses of ice water. The losses (for
s b ] I4OO which potential reasons have been mentioned in Sect. 3) be-
oor ] come important after 900 s. While such effects cause the ice
a L ] 380 water content to decrease much faster than by evaporation
E 0 a B — alone, its impact on the gas phase concentration is very lim-
S r i 360 ited as can be seen in Fig. 10. In summary, it is important to
& 65 / ] note that the partitioning of water shown in Fig. 10 is primar-
% 1 I340 ily driven by the HO wall flux and the interaction with ice,
B 60~ e initiel . both controlling the time history of the relative humidity.
o, F. ] 320
T oss - _ _ _
I300 5 Experiments in other temperature regions
5(1)072 — “‘1‘(‘:71 - “Hl”(l)o - ““1”:)1 - wl“oe We present APSC results with supercooledSBy/H20

Diameter D, [pm] droplets covering initial temperatures from 194K to 235K

and cooling rates at the point of freezing in the range

Fig.9. Modeled size-resolved #0 mass fractions of the 0.5Kmin~!to 26Kmin~t. To obtain parameters for log-

H,S0Oy/H»0 droplets around the time of ice nucleation. The dotted Normal aerosol size spectrara& 0, we have used the mea-

line shows the initial aerosol water content before cooling. sured total HSO, masses and spectral width and varied the
mean mass radii such that model and observed total aerosol
number concentrations agreed, except forlBahd C11 (the

This part of aerosol kD is lost by the conversion of a frac-  experiment numbers as noted in Table 1), whete 1.8 has

tion of the aerosol into ice particles (compare with Fig. 6). been prescribed. In comparing APSC results with the AIDA

In contrast, the subsequent slower decrease is caused by tlgta, we focus on total ice particle number densities, peak

evaporation of HO molecules from the aerosol with falling values of ice supersaturation and freezing threshold values

RHI; this is the well known fact that ice particles grow at the (RHI,,), the times of the onset of freezing, and theSdy

expense of supercooled droplets if they coexist. mass fractions (W0 in the freezing particles. These val-

The gaseous 40O reservoir is depleted by deposition onto yes correspond the model output (besides other details of the
ice particles after freezing between 300 s and 400 s. This |OSS|20 partitioning) left unconstrained by experimental data
of gaseous water on ice is partly compensated by the wall fluxand provide a stringent test of our ability to accurately simu-
of H,O molecules into the gas, as the increasing total watelate homogeneous ice formation.
mixing ratio reveals.

At around 800, a maximum ice water content of almost5.1  Supersaturations
11 ppmv is reached. On the other hand, we find a decrease
of only ~ 5 ppmv in the gas phase due to deposition on theFigure 11 compares the modeled values of peak RHI (filled
ice particles. This implies that most o,B molecules re-  circles) and RHlyc (open circles) with the observed thresh-
leased from the chamber walls deposit very quickly onto theold values for homogeneous ice nucleation in the AIDA
growing crystals. In fact, the time scale for depletion of the chamber (open squares). Shown as a dashed (dotted) curve
H20 number density is given by/{4r DrB(r)n) ~ 25s, s the threshold RHI as a function @f for which a parti-
evaluated with the diffusion coefficie®® = 0.211cnfs ! cle with radius 0.2%m (1um) freezes in one second (one
(1013.25 hPa/p)T/27315K)194 ~ 0.9cn?s ™1, anice par-  minute), derived using the nucleation rate parameterization
ticle radiusr = 1um, the factor8 = 0.4 controlling the  provided by Koop etal. (2000). Both curves approximately
transition between kinetic and diffusive growth regime, and bracket the range of particle sizes and nucleation time scales
the peak ice particle number density= 94cnt3. The  inthe AIDA. In the first case (dashed curve), the critical nu-
transitional factor is given by/B = 1+ 4A/(3ar), where  cleation rate/ and the differencé\a = a — a; between the
A = 0.53um is the effective mean free path for diffusion of critical water activity and the activity at ice equilibrium take
H»O molecules in air (at 200K and 180 hPa). As noted be-the valueJ = 1.5 x 103cm—3s~! andAa = 0.3204; in the
fore, the deposition coefficient is equal to (6 in the base- second case (dotted curve), we fifid= 4 x 10°cm3st
line simulations. andAa = 0.305.

At 800s and 1400s, the RHI drops slightly below 100% Comparing the peak values with the freezing thresholds
(recall Fig.4). This leads to a transient evaporation of thefrom the model, we observe that the difference between both
ice particles. In concert with the wall flux, this evaporation is of the order of a few percent and tends to increase with
leads to an increase of gaseougCHFig. 10) until the cool-  decreasing temperature (cases B1A3.1, A5.1). WhenT
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Fig. 10. Modeled partitioning of HO. The total mixing ratio is constrained by the FISH measurements, while the gas phase, aerosol phase,
and ice phase water mixing ratios are computed by the APSC model with (solid curves) or without (dotted curves) the effects of ice water
losses after 900 s.

falls, ice particle growth rates become slow, allowing RHI to the number of ice particles exceeded 38m=3. (A simi-
take larger peak values driven by the relatively strong cool-larly low threshold concentration likely determines the ex-
ing rates prevailing during these experiments. The differenceperimental onset of ice formation.) The largest particles with
is larger for the highest temperature considered (cas&)C1 such low concentrations would freeze first if they were in
because the cooling rate was much higher (by a facted  equilibrium with the ambient water vapor, but they stay lig-
in this experiment, which compensates the pure temperaturaid because of their non-equilibrium composition. In con-
effect. These kinetic effects explain why the peak RHI val- trast, smaller particles in the diameter rangk-0 1 um stay
ues lie above the dashed and dotted curves that represent oclose to equilibrium and freeze first (see Figs. 8 and 9). The
set RHI values given by Koop etal. (2000) that have beenlower the temperature, the smaller are the first freezing parti-
derived assuming equilibrium between aerosol particles anales and the higher are their freezing relative humidities be-
water vapor and a freezing time scale of 1 min. cause the nucleation rate per unit time is proportional to the
particle volume. This causes the actual Ridialues to be
With falling 7', we also observe an increasing tendency for higher than the corresponding (equilibrium) values evaluated
the onset values to lie above the dashed and dotted curvegith a constant (e.g.,.B or 2um) particle diameter and de-
This is caused by the non-equilibrium aerosol compositiongays the onset of freezing
affecting the large aerosol particles (diameter2 um) as
discussed in Sect. 4.4. Recall from Fig. 6 that in the model, In the atmosphere, kinetic and non-equilibrium effects
the onset of ice formation was defined at the time whenmay occur in cirrus clouds at cooling rates similar to those
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measured in the AIDA chamber; this has also been found 180 —4m———r——/—v+—— 71—+
previously on the basis of field measurements (Heymsfield
and Miloshevich, 1995). L

o

The calculated onset RHIs are quite insensitive to change:
of temperature or the total # mixing ratios. Within the
variations of7T and HbO shown in Figs. 12 and 13 (top pan- :
els), the onset RHI vary only by 0.3%. The freezing onset pe 160
times are more sensitive to changesiofind HO mixing _ -
ratio, as discussed in Sect. 5.2.

170

RHI

Apart from two cases A3 and C11, the modeled and 150 =
measured RHyc values do not differ by more than 3%, i
which is well within the absolute experimental uncertainty of - e Peak RHI APSC
RHI of +:8— 12 % (the uncertainty increases with decreasing o [ 2 EE}:Z ATSC
temperature). In case Ab, the difference between modeled = -
and measured RHlc may be explained by an additional sys- covo b b b by 1
tematic error caused by heterogeneous freezing artifacts o 180 190 200 210 220 230 240
background particles which cannot totally be ruled for the Freezing Temperature [K]
very first experiments of series A @hler etal., 2003).

Fig. 11. Modeled baseline values of peak RHI and R{#l(closed
The discrepancy seen in the case Cis more difficult  and open circles) and measured threshold values for homogeneous
to explain. It may be caused by temperature fluctuations ofce nucleation inside the AIDA chamber (squares). The solid line
small, turbulent air parcels (eddies) following an adiabaticindicates RHI when liquid water is saturated. The dashed (dotted)
temperature evolution for short periods of time. Therefore,!ine depicts RHhyc for which a particle with diameter.8(2) um
the formation of ice may have occurred in such eddies aff®Zeés homogeneously i = 1s (1min), bracketing the freezing
somewhat lower temperatures than the mean gas tempercgndmons in the AIDA chamber; we have computed these curves

L . . y using the nucleation raté from Koop etal. (2000) and solving
ture measured with time resolution of about % s (Mohler J(a. T)V At = 1 for the critical water activitys, or RHinye. Note

etal., 2003). The onset RHI derlqu with a lower tempera-inat the freezing time scale-(1 min) for the laboratory experiments
ture would lead to a higher value, in better agreement withof Koop etal. (2000) lies within the above range. The absolute ex-
the model result. As a second explanation, the differenceerimental uncertainty of RHi,c increases from:8% at 230K to
could be caused by the larger cooling rate. When the cooling:12% at 190 K (Mbhler etal., 2003).

rate is large, RHjyc becomes sensitive to even small shifts in
the freezing onset time.
5.2 Onset of freezing

The threshold RH},c from the model lies very close to
the (solid) water saturation line in experiment. C1The su-  In the experiments, the onset time of freezifqg. is de-
percooled droplets become water activated due to the veryermined by a sharp increase of the depolarisation of back-
rapid cooling at the warm temperature and undergo freezingcattered light from an Argon laser beam dMer etal.,
as nearly pure water droplets. It seems that water activa2003). In the simulations, the freezing onset is defined as
tion did not occur during this experiment. Under the con- the time when the calculated ice number density exceeds
ditions of case C1L (large cooling rate and warm tempera- 10-3cm~3. Therefore, it is not straightforward to compare
ture), the solution droplets take up great amounts of watethe modeled and measured freezing onset times. Neverthe-
and are strongly diluted. This is reflected by the relatively less, as can be seenin Table 1, the model results represent the
low acid mass fractions of.3%. (The APSC yields a value experimental data very well. The same holds for the freezing
of 16.1% when read off at the time 72 s when the AIDA re- temperature§y,,c (also listed in Table 1), which can also be
ports the freezing onset.) Hence, it is interesting to studyinferred from Fig. 11.
slight changes of the #D vapor pressure parameterization The coldest case Al starting at 1941 K seems to be an
for the nearly pure water droplets, the accuracy of which mayexception. Hereryyc determined in the AIDA is much larger
be of the order of a few percent or so. If we lower the satu-than the modeled value, causing the discrepancy in terms
ration vapor pressure of water by only5% when the rela- of the cooling rate listed in Table 1. One explanation could
tive humidity exceeds 95% in a sensitivity study, the modeledbe the uncertainty in measuring the total water mixing ratio,
RHInc for case C11 is 36% lower and also the peak RHI which can influence the model results (see Sect.6.1). If we
lies just below the water saturation line (see also the modelower the FISH value by 5% (model results listed in brack-
results listed in brackets in Table 1). ets in Table 1), which is close to the experimental range of
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Table 1. Simulated freezing experiments with initial temperatligeand cooling ratéd T /dt)nuc = y. The cooling rates are determined at

the times of the freezing onset. Assuming adiabatic cooling, these values would correspond to vertical velocities of the order120cm s
typical for convective updrafts or strong mesoscale (lee) waves. The AIDA experiment numbers shown in the first column are taken from
Mohler etal. (2003). Further, modeled and measured onset times of fregzinfreezing temperatureg,yc, and SO, mass fractions

Whuc at thuc are listed. The onset times noted here refer to the beginning of chamber pumping to compare with Table aHteneal.

(2003). The non-equilibrium acid mass fractions are calculated for particles with a diametempftie observed values are derived from

filter measurements assuming water equilibrium. The last two columns compare modeled and measured peak values of total ice particle
number density:, including the experimental uncertainty #60%. The APSC results for case Allisted in brackets represent a model

run with a total BO mixing ratio lowered by a value of 5% (discussed in Sect. 5.2). The results listed in brackets for cades@aw the

effect of lowering the saturation vapor pressure gHabove 95% relative humidity by %% (discussed in Sect. 5.1)

AIDA  TylK] APSC AIDA APSC AIDA APSC AIDA
14 14 fmuc Wnuc Touc  tuc Wnue  Thuc n n
[Kmin~1 [Kmin=Y [s] [l K sl [% Kl [em 3 [em~d
All 1944 —-0.72 009 190 270 1899 270 222 1894 90 no data
(—0.06) (268 (27.1) (1894 (41
A3.1 2022 —-0.78 —-0.57 150 248 1978 160 226 1976 94 108+ 54
A51 2126 -09 —0.88 152 212 2080 127 233 2082 34 42+ 21
B4.1 22579 —-0.48 -0.43 268 134 2207 261 152 2207 20 8+4
Cl1 2353 —2.58 —2.75 96 43 2302 72 162 2310 346 > 40
(—2.58) 91 (39 (2304 (245
uncertainty, the modeled and measured freezing onsettime — , ———————————— T
for case A1l agree very well again. £ B / /////// 1
SRl ///////;//////// ]
5.3 Ice particle fractions A s / ////// 7
o B
Table 1 also compares modeled and measured peak value ﬁ 15 — v L 7
of the number density of ice particles. Except in the case = 12k / Uncertainty FISH +/- 10 % E
Al_1, where no data are available, the agreement is excel # ]
lent, demonstrating that the nucleation rate parameterizatior £ El i N R R R
provided by Koop etal. (2000) can be safely employed to 0 400 800 1200 1600 2000 2400
simulate homogeneous ice nucleation. In experimentd A1 180T ' ' ' ' ' ]
A3_1, and AR1, the cooling rates increase slightly while the — 50 B
temperature increases by ebout 18K, explaining the decreas ‘S i AR
of n in accord with theory (l&rcher and Lohmann, 2002). S ol Variability # cm™ .
. i |
2 B i
6 Sensitivity analysis © 0r N
Measured total water mixing ratio, temperature, and initial © 60 |~ —
aerosol size distribution are subject to experimental uncer- = i i
tainties. We focus our sensitivity study on the influence of a S 30 —
variation of these measurement quantities on the modeled to ™ B ]
tal ice particle number density. We also show the sensitivity 0 L
of our simulations to changes of the deposition coefficient. 400 800 1200 1600 2000 2400
Time [s]

6.1 Total water mixing ratio

Fig. 12. Variation of the modeled ice number density caused by
The total HO mixing ratio displayed in Fig. 2 has an accu- imposed shifts of the FISH data by10%. The red line indicates
racy of£6%. To conservatively evaluate how strong this ex- the baseline model run discussed in Sect. 4.

perimental uncertainty can influence the baseline model run
discussed in Sect.4, we have performed a series of simu-
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208 N Table 2. Sensitivity of simulated ice number densityo variations
Z 206 N of the deposition coefficient of AIDA experiment ABwith initial
= . temperaturdp = 2022 K
L 204 —
3 ] o 005 01 02 05 10
© 202 E
S - - . n [em=3] 549 278 171 94 61
200 —
? . . //t///t//T/ % o n(D, > 15um)[cm~3] 482 264 168 93 61
g 198 T ncertainty B T
196 TR \ IS T SR T SRR TR ST NI 1
0 400 800 1200 1600 2000 2400 around the time where the ice saturation ratio reaches its peak
180 I I I T T that controls the total number of ice crystals formed (recall
— i i Sect. 4.3). For example, in a model run with a FISH value
T 150 - L — +2.5% more ice particles form than in a run with a value
E i Variablity # cm™ ] +5% (not shown in Fig. 12). This again stresses the impor-
120 — tance to obtain accurate measurements@D lrixing ratios
n i ] for modeling cirrus cloud formation in the real atmosphere.
o 90 —
> i ] 6.2 Temperature
S 60 - _
Q. N 7 In modeling ice formation in the AIDA chamber, we assume
Y 30 L _ that the air volume containing the freezing particles is homo-
— B 1 geneously mixed. The typical time scale for mixing of the
ol — total volume is of the order of a few seconds, short enough
0 400 800 1200 1600 2000 =400 to ensure that this assumption should be valid in most of the

Time [s] cases considered and that the mean gas temperature derived
from 4 independent measurements at different locations in
Fig. 13. Variation of the modeled ice number density caused by the chamber volume is a well-defined quantity.
imposed shifts of the temperature data-b9.3K (top panel) and Vertical inhomogeneities in temperature may occur when
by a shift of the time axis by-10's (bottom panel). The red curve - yery high cooling rates are applied, leading to patches of air
indicates Fhe basellr_1e model_rur_w dlscu§s§d in Sect. 4; the blue CUNV§hat contain lower and higher number densities of crystals
!'epresentlng the shifted profile is not visible on the extended ScaI?compared to a well mixed situation) that subsequently mix.
in the top panel. . .
Temperature fluctuations may become important when the
cooling rates are very slow, because mixing rates decrease

) _ ) ~when the temperature is only weakly varying. As the AIDA
lations with values 10% higher and lower than the original gensors measure static temperatures, such fluctuations are not
data, holding all other input parameters constant. included in the model.

The imposed shifts of the totald® mixing ratio by+10% We investigate the sensitivity of our simulations upon un-
(top panel of Fig. 12) lead to a variability of the total ice num- certainties in temperature in two ways. First, we vary the
ber density of~ +80% (bottom panel), slightly more than temperature profile by-0.3 K according to the experimen-
the experimental uncertainty of the measurement data (recathl accuracy (see top panel of Fig. 13). Second, we shift the
the vertical bar in Fig. 7). In the absence of ice particles betime axis of measured temperature (red curve in the top panel
fore the freezing process, higher or lower values of the totabf Fig. 13) by—10s, that means we start cooling 10 s earlier
water mixing ratio directly increase or decrease the gaseougsee the zoom of temperature inside Fig. 13, blue curve) with-
H20 in the simulations. Hence, the threshold value of RHI gut a concomitant shift of the air and,8& pressures. There
for homogeneous ice nucleation (Rigd) is reached earlier s an offset in the temperature measurement because the tem-
or later, as the different freezing onsets in Fig. 12 indicate. perature sensors do not react instantenously to temperature

We cannot argue that a higher (lower) totgl®imixing changes. This offset increases fror8s at 1000 hPa to
ratio consistently increases (decreases) the number of nucle-10 s at 180 hPa.
ated ice particles. Because of the time shifts of the freezing The imposed temperature shift results in a variability of
onset times, the aerosol particles undergo the phase trandhe ice number density that is within the range of ice parti-
tion at different temperatures and cooling rates. In turn, thiscle concentrations caused by the shifts of the FISH data or
leads to shifts in the narrow range between the peak RHI andaused by the temperature uncertainty itself (bottom panel of
RHIhye It is the exact combination df', dT/dt and RHI Fig. 13).
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5 B R Table 3. Sensitivity of simulated ice number density of AIDA ex-
L a=0.05 i periment A31 (Tg = 2022K) to variations of the geometric stan-
“:8'; 4 dard deviationr of the initial aerosol size distribution
- a=v. —
4 a=0.5

—a=1 o 13 15 175 20

nfem™3] 74 53 94 74

w

particles increases asdecreases, and the risemobecomes
pronounced (the baseline value changes by more than a factor
of 2) for valuese < 0.2. For higher values, the sensitivity is
much less pronounced. This is consistent with results from
other studies (Lin etal., 2002).
. The same trend is observed when we study the number
p densities of ice particles with diameters greater thanuin5
i \‘f\/\/| T T asgfunction ofx (third row in Table 2), although the concen-
300 400 500 600 700 800 900 trations become smaller than the total concentrat_lons yvhen
. a decreases. Aw is lowered, the mean ice particle size
Time [s] decreases as the same amount of water vapor is distributed
among a larger number of particles. This is highlighted in
Fig. 14 where we show the mean number diameters of ice

N
L

,_\
[

AN
l

Mean number diameter [um]

Fig. 14. Modeled temporal evolution of the mean number diameter

of ice particles for different assumptions of the water vapor depos"particles versus time for variousfrom the APSC. The ini-

tion coefficent on ice, as indicated by the legend. Nucleation takes ial reduction of the mean size delavs the detection of ice
place when the curves start, and the peak number densities are ob- Y

served in the AIDA chamber at times between 600's and 900 s (seB2rticles with diameters above the counting limit of Ar§
black curve in Fig. 7, right panel). The solid line marks the count- Of the optical particle counter (solid line in Fig. 14). How-
ing limit 1.5 .zm for ice particles measured with the optical particle €Ver, even in the case = 0.05 the bulk of the ice particles
counter. grow above this limit shortly after nucleation.

Comparing Table 2 with Table 1, we conclude that changes
- o of a within the range - - - 1 suffice to obtain better fits to
6.3 Deposition coefficient the observed ice number densitieseifs considered to be

. o ) the only uncertain parameter. We have ran the baseline case
The deposition coefficient of water molecules onto the ice  ith o, — 0.05 and found no combination &fand total HO

particles enters the effective diffusion rate gi®imolecules  \yithin their uncertainty limits that predicted the number of
(Pruppacher and Klett, 1997). The mass growth rate inice particles consistent with the measurements. Thus, the

the kinetic regime is directly proportional @, while the ;¢ of values significantly belowis not supported by this
rate is independent of it in the diffusion regime. In the analysis.

upper troposphere, the kinetic regime typically applies for
submicrometer-sized particles. Small valuesxadlow the  g.4 Aerosol size distribution
initial mass growth rate of the freshly formed ice crystals.

A reduction of the initial growth rate allows more ice par- With regard to the number of nucleated ice patrticles, aerosol
ticles to be formed under otherwise unchanged conditionssize effects become important when the time scale of the
because the $O vapor concentration stays elevated for a nucleation event is fast compared to the time scale of de-
slightly longer time (Karcher, 2002). As discussed with the positional growth of the pristine ice particles§kcher and
help of Fig. 8, the mean number radiusf the ice particles Lohmann, 2002). Figure 8 indicates slow growth and rapid
up to 350 s is~ 0.5 um. The characteristic radius controlling freezing for the case study in Sect. 4 and therefore aerosol
the transition between kinetic and diffusive regime is givensize effects are important in our simulations. This also holds
by 41 /3 ~ 1.4 um, with the mean free path = 0.53um for the other cases summarized in Table 1.

(Sect. 4.5). This radius is comparable to the nascent ice parti- We investigate the influence of the initial aerosol size dis-
cle radii, thus we can expect a sensitivity of our results upontribution on the number of nucleated ice particles by a varia-
variations ofa. tion of the geometric standard deviatierfrecall Fig. 3). The

The valuew = 0.5 is used for the baseline runs. Table 2 results are shown in Table 3. The valueof 1.75is used in
(second row) shows the modeled total ice number demnsity the baseline simulations. Broader or narrower size distribu-
for the baseline experiment under the assumption of differentions lead to variations of the ice number density smaller than
values ofa. As expected, the total number of nucleated iceits experimental uncertainty, indicating a limited sensitivity
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