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Abstract. We present results of experiments at the aerosokations in atmospheric cloud models where cooling rates of
interactions and dynamics in the atmosphere (AIDA) cham-approximately 1C min—! or more are present to predict the
ber facility looking at the freezing of water by three different concentration of ice crystals forming by the condensation-
types of mineral particles at temperatures betwed2°C freezing mode of ice nucleation. Finally a polynomial is fit-
and—33°C. The three different dusts are Asia Dust-1 (AD1), ted to all three samples together in order to have a parameter-
Sahara Dust-2 (SD2) and Arizona test Dust (ATD). The dustisation describing the average ice-active surface site density
samples used had particle concentrations of sizes that wenes. temperature for an equal mixture of the three dust sam-
log-normally distributed with mode diameters between 0.3ples.

and 0.5 pm and standard deviationg, of 1.6-1.9. The re-
sults from the freezing experiments are consistent with the
singular hypothesis of ice nucleation. The dusts showed dif- i
ferent nucleation abilities, with ATD showing a rather sharp 1 Introduction

increase in ice-active surface site density at temperatures IesRs (VA t al(200 ted lidar ob i
than—24°C. AD1 was the next most efficient freezing nuclei ecentlyAnsmann et al(200 presented lidar observations

and showed a more gradual increase in activity than the arpfiemonsrating that altocumulus (Ac) and layer clouds influ-
sample. SD2 was the least active freezing nuclei enced by desert dust over the African continent, close to the

We used data taken with particle counting probes to de-SOurce, seldom show any signs of glaciation for tempera-

rive the ice-active surface site density forming on the dust agures warmer thar-20°C. This is apparently contradictory

a function of temperature for each of the three samples an Cthelnu(rjnerou; osbservaélcgls by(;géerf;;hofrs in cumulus
polynomial curves are fitted to this data. The curve fits are u) clouds (seiobbs and Rangn 5 Q for exam-

then used independently within a bin microphysical model tople). Another interesting finding was that in this temperature

simulate the ice formation rates from the experiments in or-'€9ime 30°C<T <0°C), liquid drops were apparently re-

der to test the validity of parameterising the data with smoothqUIred before the formation of ice. The measurements of

curves. Good agreement is found between the measuremen@glsmann et altherefore suggest that the freezing modes of

and the model for AD1 and SD2: however. the curve for ATD €€ nucleation, i.e. condensation-freezing/immersion freez-

does not yield results that agree well with the observations'"Y an(_j TOt de;l)os(l;uon are important ice formation mecha-
The reason for this is that more experiments betwe20 nISMS In fayer clou _S' _ , .
and—24°C are needed to quantify the rather sharp increase A further perpl_exmg piece In the puzzle of aimospheric
in ice-active surface site density on ATD in this temperaturedust as ice nuclei (IN) comes from measurements made dur-

regime. The curves presented can be used as parametelfd the Cirrus Regional Study of Tropical Anvils and Cirrus
Layers-Florida Area Cirrus Experiment CRYSTAL-FACE

project, which demonstrated a possible link between the con-
Correspondence tcP. J. Connolly centration of desert dust that advected across the Atlantic
BY (p.connolly@man.ac.uk) Ocean and the glaciation of layer clouds near the Florida
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coast DeMott et al, 2003 Sassen et gl2003. In the case classical nucleation theory. In classical nucleation theory ice
reported bySassen et aldesert dust particles were inferred germs are assumed to be spherical caps in contact with the
to glaciate a cloud at temperatures frerf.2 to —8.8°C. nucleating material (i.e. the dust). The three assumptions

Numerous laboratory observations have shown that whenvere: (1) that each particle of ATD had the same contact an-
a sample of liquid drops that contain IN are subject to a fastgle (stochastic hypothesis); (2) that the contact angle varied
cooling they freeze at a rate that is approximately propor-between particles (singular hypothesis-a); and (3) that there
tional to the cooling rate. They also show that if this cooling was a distribution of active sites with different contact angles
is stopped the rate at which the drops freeze is much sloweon each particle (singular hypthesis-b). Their basic finding
than when the drops are being cooled. To explain these obwas that the singular hypothesis best describes their results.
servationd/ali (1994 presented the time-dependent freezing However, neither of the approaches could reproduce the mea-
rate (TDFR) theory for heterogeneous drop freezing. TDFRsurements in their entirety, which highlights the inadequacies
theory allows one to calculate the drop freezing rate of a samef the classical approach.
ple in which there is a distribution of different IN contained  Mohler et al.(2006 were motivated by the potential im-
within the drops; each different type of IN having a different portance of dust as atmospheric IN; they studied and de-
temperature-dependent ice nucleation rate. scribed heterogeneous deposition nucleation for cirrus (Ci)

From TDFR theory two approximations can be made: (1)temperatures in the AIDA laboratory by the same three dust
each sample unit (drop) is the same (i.e. the IN the drops consamples used in this paper — so called AD1; ATD and SD2.
tain all have the same ice nucleation rate). Under this approxThey found that to within their instrumental error, this “depo-
imation, known as the “stochastic hypothesis”, the freezingsition” nucleation mode acted only while the supersaturation
of individual drops can be viewed as a Poisson distributedwith respect to ice was increasing, and there was little explicit
variable with respect to time and a nucleation rate equatiortime dependence on the ice particle formation rate. This ice
can be applied to explain this, similar to that for radioactive nucleation behaviour is consistent with the dust samples hav-
decay. (2) The nucleation rates of the spectrum of the dif-ing a distribution of supersaturations at which they become
ferent IN contained in the drops are not smooth functions,active as IN —i.e. it is consistent with the singular nucleation
but sharp transitions with respect to temperature; so sharpypothesis.
that the nucleation rate for one type of nucleus can be rep- Since the study byMohler et al, Zimmermann et al.
resented by a step function —i.e. ice-nucleation happens at 200§ investigated efficiency as IN of numerous minerals
fixed temperature on a given type of nucleus. In this case theit different temperatures using an Environmental Scanning
freezing rate can be described from the distribution of freez-Electron Microscope (ESEM) to quantify the onset relative
ing temperatures of the nuclei within the drops — i.e. “the humidity of ice nucleation. They showed that in some cases
nucleus content” in the dropsk(T') (ice germs m3°C~1) the nucleation efficiency may also be a function of tempera-
and the cooling ratef. ture.

Drop freezing experiments were also conductedvayi Here we present further results from three campaigns at
(1994 who studied the freezing rate of water containing sus-the AIDA facility to attempt to quantify ice nucleation be-
pended foreign material due to heterogeneous nucleation. Hgaviour on the three different types of dust particles in the
found that for water drops cooled at rates of the order oftemperature rang&>235K. We also present the ice crys-
—1°Cmin~%, the “nucleus content” (distribution of freezing tal habits, that were observed with the CPI during the ex-
temperatures in the nuclei) of the drops predicts the freezingeriments, mainly as supporting measurements, but also to
rate well —i.e. the singular hypothesis holds. However, forigok into any effects that nucleation may have on resulting
samples with fixed temperatures, the stochastic, time depence crystal habit (e.gBailey and Hallett2002).
dent nature, although small, becomes non-negligible. Section2 describes the experiments; Se&gives an out-

This conclusion is also supported by the more recent workine of the methods of data analysis we are using; Seist.

of Vali (2007), who investigated the freezing temperatures the results and and 6 are discussion and conclusion sec-
of drops of water containing IN from two soil samplasli tions.

's experiments had the drops placed on a cold stage and, dur-

ing several cycles, he repeatedly lowered the temperature un-

til they froze and then increased the temperature until theyp Experiments

melted. He found evidence supporting a modified singular

hypothesis. The finding that the temperature at which drop2.1 Laboratory experiments and data collection

containing IN froze changed by very little upon repeated cy-

cles ledvali to conclude that a modified singular hypothesis In order to investigate heterogeneous freezing we conducted

is appropriate. experiments at the large AIDA cloud chamber. Cloud for-
Marcolli et al. (2007 looked at the freezing spectrum of mation and evolution were simulated in the laboratory at the

drops containing so called ATD and analysed their resultsAIDA (see Fig.1 for a schematic of the AIDA); the exper-

by comparing with three assumptions that were based on thaments aimed to form clouds under natural and controlled
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Table 1. Log-normal fits to the PSD measured with a SMPS. The total particle nuNpesas generally variable between experiments and
taken from the in situ CPC measurements for every experiment.

Dust sample  Median diametdp, (um)  Standard deviatiom,,  Total particle numbeny,,

AD1 0.40+0.05 1.76:0.05 measured with in-situ CPC
SD2 0.35:0.05 1.85:0.05 measured with in-situ CPC
ATD 0.35+0.05 1.65:-0.05 measured with in-situ CPC

In our experiments dust aerosol samples (AD1, SD2 and

Temperature Controlled Housing

-90 to +30°C ATD) were prepared with a PALAS rotating brush generator

L Ferosal in the way described bivohler et al.(2006 p. 1545) and

Am@ii?”' @ were introduced into the chamber (see schematic inFig.
Hysrometer [ | [1]rier a mechanical fan mixed the air at the start of the experi-
Vapour Datection L — ment giving homogeneous conditions within the chamber.
A Scanning mobility particle sizer (SMPS) measurements con-

|
Sralles \ s 18 S ducted separate to this workiphler et al, 2006 found the
etector

dust particle size distribution (PSD) of the different dust sam-
ples to be log-normally distributed in size with fit parameters

il I J—] i i H given in Tablel.

Wﬂ ‘ E To simulate cloud formation, the chamber volume is ex-
T Synt;eﬁc o T I p_anded using a mlx_ture of Va<_:uum pump 1, 2 and the expan-
Pump 2 A Supply | [Pump 1 sion volume (see Fidl). The time at which the pumps start
to expand the volume is set te-0 s and typically the exper-
iments last 600s. Combinations of these pumps to expand

. 7 . L . the volume are able to yield cooling rates in the chamber (by

vessel is cooled inside an insulated cold box by ventilation and lig- s ) . i .

uid nitrogen cooling. A variety of pumps and an expansion volume 4Yas! adiabatic e).(pansmn) of up to 4Kmin AS_ coo!lng_

is used to evacuate the air from the aerosol vessel at different rate£aK€S place, conditions of water vapour saturation (liquid or

simulating quasi-adiabatic expansion. Dust aerosols are introducetf€) are reached and a cloud is formed on the aerosol particles

into the chamber using a brush disperser from PALAS and are samwithin the chamber.

pled with a CPC 3010 and the WELAS probe. Total water and water The interior wall of the AIDA is ice coated and the tem-

vapour are measured with the chilled mirror and a TDL hygrometer.perature of the wall stays relatively constant, while during

Cloud particles are sampled with the CPI, the SID, the WELAS andthe experiment the gas is generally colder than the wall. This

the CDP. results in a flux of water vapour from the interior wall of the
AIDA to the gas, which is not large, but important enough to
significantly alter the relative humidity with respect to liquid

conditions. The AIDA consists of a cylindrical (with rounded Water (RH) in the chamber during the expansion.

ends), 7m by 4m, 84 frvessel encased in a large cold box. ~ The aerosol, liquid and ice PSD -5um< D, <50 pm —
The vessel itself is connected to a vacuum and air supphare sampled using the white-light aerosol spectrometer (WE-
system and can be evacuated to a pressure below 0.1 hPa ak8S) optical particle counter (OPC) from PALAS, which is
filled with particle free synthetic air (see Fig). This en-  situated at the bottom of the AIDA vessel (see Fiy. to-
sures that background particle concentrations, measured wittl number concentration of particles.g@ pm< D, <3 um)

a condensation particle counter (CPC), are less than 0.2 cm is measured with a modified CPC 3010, able to sample at
(seeMohler et al, 2006. reduced pressures (see Fiy.

Experiments are prepared by injecting humid air into the For a small subset of these experiments we were able to
chamber and then slowly cooling throughout the night to theuse the small ice detector (SID) proliirist et al, 2007) for
required temperature for the experiment. The reason for theéampling the size and concentration of the cloud and for de-
slow cooling of the cold box to the required temperature istermining cloud phase (liquid or ice). The SID was placed at
that the air can saturate slowly (eventually resulting in frostthe side of the AIDA (see Fidl). The basis for the discrim-
forming on the interior of the aerosol vessel). The frost coat-ination of phase is the assumption that liquid particles are
ing on the chamber wall results in conditions close to icespherical and ice particles are non-spherical. The probe nor-
saturation at the start of the experiment. mally uses six detectors arranged azimuthally at a forward

scattering angle of 30 with a seventh detector mounted

Fig. 1. This shows a schematic of the AIDA facility. The aerosol
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directly in front of the laser. However, for the AIDA configu- of the ice saturation vapour pressure formulatiodaifrphy
ration it was decided that one of the azimuthal detectors perand Koop(2005. In some situations it can be seen that there
formed better than the standard design so the probe was colis a systematic error in the values of saturation ratio calcu-
figured to use five azimuthal detectors for sizing and shapiated from the TDL data. These problems are being looked
ing and the remaining sixth azimuthal detector for triggering. at with on going inter-comparisons between various water
When a particle passes through the system, the response @hpour probes at the AIDA — they do not affect our conclu-
scattered light falling on the detectors is recorded. Sphericasions. As mentioned above, we also measured the total water
particles result in light falling relatively uniformly on all five (vapour plus liquid plus ice) using the chilled mirror hygrom-
azimuthal signal detectors, while aspherical particles recorceter with a heated inlet that evaporated all cloud particles be-
a non-uniform signal on the detectors. This is quantified byfore they entered the sensor. For more information on the
using the asphericity factos ¢, for each particle measured. instrumental techniques and limitations the reader is referred
The discrimination between liquid and ice particles is fairly to Mohler et al.(2006 2004).

clear as two regimes can be seen, liquid having sralknd

ice having larged . The A ¢ is calculated by: )
3 Methods of data analysis

A \/Z?=1((E> — E;)? ) 3.1 Basic assumptions and definitions
;=
(E) This paper considers the behaviour of the three dust samples
wherex=22.361, E; are the detector values anfl) is the in the freezing mode at warmer temperatures than former ex-
mean of all detector values. For more information see Sect. periments that investigated the deposition mode of ice nu-
of Field et al.(2006 and alscHirst et al.(2007). cleation of the same dust sampléédhler et al, 2006. In

A cloud particle imager (CPI) was available for all of the contrast to the deposition mode nucleation the freezing mode
measurements within this paper. The CPI images particle®ucleation is mainly driven by the temperature of the water
(10<D, <2300 pm) by use of a 20ns pulsed 100 W laserdrops, with no explicit dependence on the water vapour su-
diode. Images from a charge-coupled device (CCD) camergersaturation.
are recorded with a frame-rate of 40 Hz (d4esvson et al. Our main assumption is that ice nucleation occurs at the
2001). The time series of images were used to calculate partiinterface between a dust particle and the liquid drop it is im-
cle concentrations and the PSD using the calibration methodnersed in. The dust particles are assumed to have a char-
described inConnolly et al.(2007) to correct the raw data. acteristic number density of sites on their surface at which
This calibration corrects over sizing and under sampling ofice germs form at definite temperatures. Our assumption is
the particles relative to their true size by using scalar diffrac-slightly different to that ofMarcolli et al. (2007, who at-
tion theory. Connolly et al. show that using these correc- tempted to define a range of nucleation rates for different ar-
tions gives good agreement for the cloud PSD when com-€as on individual IN using the classical spherical cap model.

pared with other cloud spectrometers. The main difference being that, in this model, ice crystal for-
The CPI was placed at the bottom of the AIDA vessel (seemation occurs instantaneously at a defined temperature.
Fig. 1) and the airflow through the CPI tube wa& ms . This assumption follows the concept of the singular hy-

Asphericity is also the criteria by which CPl images are usedpothesis for heterogeneous ice nucleation as described in

to discriminate between liquid or ice. Particles from the CPI Sect.1. The number of these sites per surface area of the dust

that have size greater than 40 um and a roundngsgsee  that are active at temperatures referred to as the ice-active

Eq. 2), less than 0.75 and a maximum deviation from the surface site density (IASSD), and given the symbdlr').

mean radius of 0.1 times the mean radius are classified as ice We also define the IASSD that become active as the tem-

crystals. perature is lowered byT and give it the symbat(7). Note
thatn; andk are related by:

4 x Area
Ar = —d2 (2) Timin

X ns (Tmin) = _/ k(T)dT (3)
here,d and Area are the maximum length and the projected 0
area of the particle, respectively. whereThin is the minimum temperature reached during the

The chamber also has instrumentation to measure wateexperiment and(7) is inferred from the experimental data
vapour — a tunable diode laser (TDL) system. The TDL mea— see Sect3.2 ng(Tmin) is the IASSD between @ and
surement is scaled to the water vapour concentration inferredmin. Note also that(7)=%4" and is analogous to a time-
from the frost point measured by a chilled mirror hygrom- independent concentration function or “nucleus content” de-
eter in the absence of cloud. The partial pressure of watefined by Vali (1971), but in our case has units of germs
vapour is calculated from the frost point using ice saturationm=2°C~1,

vapour pressures by Buck research, which agree within 0.1%

Atmos. Chem. Phys., 9, 2808824 2009 www.atmos-chem-phys.net/9/2805/2009/
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Now provided the singular hypothesis holds, the rate of
change of ice concentration with respect to temperature can

be written as:
dNi’j
dT

= Nd’jAjk(T) (4)

where Ny ; is the drop number concentration of mass cate-

gory j (unfrozen),A; is the surface area of the aerosol in
this drop mass category;_; is the ice number concentration
of drops in category andk(T) is the IASSD (per unit area
of the dust) per temperature interval, which is a function of
temperature7. Note also that the liquid and ice mass grids
are assumed to be the same.

Another assumption in this paper is that for a particular
dust sampler; (Thin) — the IASSD that form betweefi=0
and T=Tnin — is constant for all sizes of the dust sample.
Using the same; value for all sizes of dust particles may

not strictly be valid due to a size dependent mineralogical
composition or surface structure. However, for this paper it

was deemed acceptable to assume a constdior all sizes
to avoid insurmountable complications.

3.2 Using the ice-active surface site density to compute
the ice particle concentration in a cloud

We will now consider an experiment (Fig@) that starts at
temperaturdj,i; at sub water saturated conditions (region i,
Fig. 2) in which the air is expanded until the point of liquid
drop formation on the dust particles at which point the tem-
perature isT7 and the time ig;. The air continues to cool
by expansion and liquid remains in the cloud (region ii) until
time r, at temperatur@» — also referred to a%min. At this
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Fig. 2. A schematic of the freezing experiments to illustrate how
the ice concentration is calculate¢a) shows a temperature time
series starting at=0, with decreasing temperature until timeis
reached at temperatu®, where the saturation ratia,,=1.0 —

time, all of the liquid drops evaporate or freeze and the RHsee(b). The cooling continues, with ice forming untij, goes be-

drops below 10 (regioniii). This is depicted by the schemat-
ics in Fig.2a and b. NoteTnin is not necessarily the min-
imum temperature of the experiment, but it is the minimum

low 1.0 and all drops evaporate at timg temperatureTy, or Tiin-
After this point, no more ice can form from the freezing of drops.
(c) shows a hypothetical value for IASSD, in this scenario the value

temperature where drops are still present, not having frozef$ above zero before drops form (in region i) and consequently as

or evaporated.

In order to calculate the time dependent ice particle con-

centration in this experiment we need to consider two scena
ios. (1) is that the IN become active freezing nuclei (i.e. the
IASSD is greater than 0) at a time befate (2) is that the

IN become active freezing nuclei at<time<z,. These two
scenarios are depicted in Figc and e with the correspond-
ing ice particle number concentrations in Fagl and f. We
will refer back to this “experiment” throughout this section.

r_

soon as the drops form they start to freeze instantly and then contin-
uously as the temperature is decreased further (regidf)ishows

the corresponding ice particle number concentration for Scenario 1.
(e) shows the same but for a scenario where the value is zero un-
til some time after drops form; in this case the ice crystals start to
form continuously, part way through region iii, when the tempera-
ture threshold for nucleation is méf) shows the corresponding ice
particle number concentration for Scenario 2.

In order to calculate the time dependent formation rate ofhere,AN (T1) is the number of ice crystals formed by active

ice crystals we can multiply Eq4) by the cooling rate to
obtain time derivatives (instead of wrt. temperature):

dNj ; dT
> =Ny iA;k(T)— 5

dt d,jAaj ( )dl‘ ()
substituting k(7)=—%4 into Eq. 6) and integrating
yields:

1=t2 dng(T) dT

Ni (i — t2)=AN(T1)+/ Ny A 2040 6

/ T T ©)

www.atmos-chem-phys.net/9/2805/2009/

IN between OC andTy, whereT; is the temperature when
the drops first formed. This is the case for scenario 1 de-
scribed above where IN are potentially active at times.

In scenario 1, even though the IN are potentially active for
times<ty, no ice particles can form because there are no lig-
uid drops present; however, when liquid drops form at time
=t1, this built-up reservoir of potential IN becomes active
instantly (the reservoir is shown by the light-grey shading in
Fig. 2c).

Atmos. Chem. Phys., 9, 28282009
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In order to compute thia N term we note that initially the  Sect.2.1). This enabled us to calculate the time series of the
only important transformation process affecting number con-product of the IASSD per temperature intervall’), and the
centrations of aerosol and ice crystals is the formation of icecooling rate,dd—f. The producfc(T)‘fl—f can be calculated by
particles; aggregation, coalescence and washout are negligiearranging Eq.5):
ble. Therefore we can substitute =N;—N; — here,N; and
N; are the drop and ice particle number concentrations, re- 4T M aN. . M
spectively;N, is the starting number of drops (constant with k() —— = Z d;’j / Z(Nd-,j x Aj) (11)
time) —in Eq. @) and integrate wrtT . 1 1

dN; Equation (1) was then integrated between timgsand
ar (Ns = Ni)AK(T) () t2 (which is equivalent to the integral in E) to yield the
) ) ) ] ] IASSD, n;(Tmin). This method was repeated for all the ex-
integrating Eq. ) yields an equation for the number of ice periments providing enough points to fit a polynomiahto

crystals at time=ry: vs. Tmin. Admittedly other functional forms could also be
N; 1 T used with this method, but we decided on a polynomial as it
/ dN; = A/ k(T)dT (8) fitted the data well enough.
o Ny—Ni 0 There are other ways that could have been used to estimate
or ng, for instance, one could estimate the surface area of dust
in contact with the drops by finding the average surface area
Ni(Q— 1) = AN = Ns(1 — expl—An; (T)]) ) of the dust distribution via Table (i.e. the second moment
where of the dust distribution) and inverting EP)( therefore not
T=T, requiring a model. However, we feel our method is the best
ng(Th) = —/ k(TYdT (10) for this application.
=0 An advantage of our method is that we are able to take into

For times>t1, the increase in ice particle number concen- account the modelled surface area of dust in contact with in-
tration can be computed from the second term on the rhs oflividual drops. For instance the larger dust particles freeze
Eqg. 6). This results in the IASSD increasing wrt. time (de- the drops first as they contain larger surface area — and thus
noted by the darker shading in Fi2r). alarger IASSD (meaning that the average surface area in the

For scenario 2, where IN become active afterthe ice  drops decreases with time); also, the larger dust particles ac-
particle number concentration is also computed from the sectivate as cloud condensation nuclei (CCN) before the smaller
ond term on the rhs of Eg6) but there is no need to calculate particles so adding flaws to the assumption that the surface
the AN term. area of the dust in contact with the drops is just the average

surface area of the distribution in Taldle
3.3 Deriving the dependence of the ice-active germ den-
sity on temperature 3.3.2 Heterogeneous deposition

3.3.1 Heterogeneous freezing In some experiments, where RH.0, on ATD we noted sig-
nificant nucleation due to heterogeneous deposition and in

The main tool used in this analysis is the aerosol-cloud-this case we inferred the IASSR as a function of supersat-

precipitation interaction model (ACPIM), which has been de- ration with respect to ice;. The theory used is analogous

veloped at the University of Manchester (UoM) in collabo- g that described in Se@, except that all occurences of tem-

ration with the Forschungszentrum Karlsruhe; it is describedperature,T, are substituted for ice supersaturatisn, Also

in the Appendix. instead of the minimum temperature reached determining the
In order to derive the value of; we adopted the follow-  |ASSD it is the maximum ice supersaturation reacheghx

ing method — note the actual AIDA experiments in generalduring the experiment — i.e. (s, max). Since heterogeneous

followed the same life cycle to the schematic experiment de'deposition does not require the presence of water drops the

scribed in Fig2. For every experiment in Tablés 3and AN in the analogous Eq$J is set to zero for the case of

parameters in Tabléwith the total aerosol number from the

in situ CPC measurements. We then constrained the ACPIM3.4  Quality control

to the measured time-series Bf P and total water mass

content as described in the Appendix. The drop humber conThis last step was performed to quality control the derived
centration was predicted by the ACPIM model and we calcu-parameterisations of;. We therefore ran the ACPIM in a
lated the surface area of dust in contact with the liquid dropspurely predictive mode, initialised with the dust PSD — see
in the model. The ice formation rate in the ACPIM was con- Table1 — and still constrained to the timeseriesaf P and
strained to the measured ice formation rate with the CPI (se¢otal water mass content. The model was used to predict the

Atmos. Chem. Phys., 9, 2808824 2009 www.atmos-chem-phys.net/9/2805/2009/



P. J. Connolly et al.: Freezing on dust 2811

Table 2. Experiments for AD1 dust. Dual refers to the fact that deposition was observed before the formation of liquid.

Date Experiment  Tmin Liquid Observed Comments
24 September 2003 10:30:00 INO8 -30.0°C Yes Freezing
24 September 2003 12:15:02 INOS -32.0°0C Yes Freezing
24 September 2003 14:00:01 INQO —-32.00C Yes Freezing
24 September 2003 15:45:00 IN@4 —-33.5C Yes Freezing
16 November 2004 10:30:00 INCEBL -27.0°C Yes Freezing
16 November 2004 12:45:00 INCGE2 —21.8C Yes Dual
17 November 2004 10:30:00 INCED -27.5C Yes Freezing
17 November 2004 12:50:00 INCEB -18.5°C Yes Dual — very low
23 September 2003 10:31:40 INQS —-5.5°C Yes No Ice
23 September 2003 12:16:40 INO% —6.5°C Yes No Ice
12 November 2004 11:10:00 INO%H —-12.5C Yes No Ice
12 November 2004 15:05:00 INO%5 —-12.5C Yes No Ice
12 November 2004 16:30:00 INO%/ —-12.#C Yes No Ice
15 November 2004 10:45:00 INOS3 -18.5C Yes Some ice by dep.
15 November 2004 12:40:00 INO®D -18.1°C Yes No Ice

Table 3. Experiments for SD2 dust. Low aerosol refers to a case where ice was observed, but the statistics were poor due to low aerosol
concentrations. This experiment was not used in the analysis.

Date Experiment Tmin Liquid Observed Comments
17 September 2003 10:50:00 INOS —27.5C Yes Freezing
17 September 2003 12:16:00 INOZ —-25.5C Yes Freezing
29 September 2003 10:31:00 INGO —-26.3C Yes Freezing
29 September 2003 12:15:00 ING4 —26.0°C Yes Freezing

- IN04.32 - Yes Low aerosol
18 November 2004 10:35:00 INCEB —-26.7C Yes Freezing
18 November 2004 12:45:00 INGED —25.5C Yes Freezing
15 September 2003 11:50:00 INO4 -1.5°C Yes No Ice

15 September 2003 17:05:00 INO2 -2.9C Yes No Ice

16 September 2003 14:01:00 INOB —4.7C Yes No Ice

16 September 2003 15:45:00 INO4 -7.8°C Yes No Ice

17 September 2003 10:50:00 INOS -8.3C Yes No Ice

10 November 2004 12:45:00 INOED —-5.0°C Yes No Ice

10 November 2004 14:15:00 INO&L —6.9°C Yes No Ice

drop and ice particle concentration and the RH. The ice par4.1 Intercomparison of SID and CPI derived ice-active
ticle concentration was predicted with E&) @nd the de- germ densities
rived ng; polynomials. These were compared visually with

the measurements in order to assess the validity of smoothgor small crystals the SID is better than the CPI for phase dis-
ing of data with a polynomial function. crimination; however, in experiments where the ice crystals
grow rapidly outside of the range observable by the SID the
CPI is the better of the two instruments for determining ice
number concentrations providing the correction algorithms

The results are from three separate sets of experimental car®! Connolly et al(2007) are used.

paigns lasting approximately 2 weeks each: INO2 in 2002, The SID measurements were only available for a limited

INO4 in 2003 and INO5 in 2004. Summaries of the experi- number of experiments during INO4 and it is desirable to use

ments used in the analysis are shown in TaB|&sand4. the larger, more complete dataset of the CPlI, collected for our
experiments, for determining ice concentrations. However,

4 Results
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Table 4. Experiments for ATD dust. Low aerosol refers to a case where ice was observed, but the statistics were poor due to low aerosol
concentrations. This experiment was not used in the analysis. Homogeneous freezing refers to an experiment where the supercooling wa
below that required for homogeneous freezing to take place.

Date Experiment  Tmin Liquid Observed = Comments
17 September 2003 16:30:00 INOQ —-27.9C Yes Freezing

17 September 2003 17:30:00 INQ4Q —26.2C Yes Freezing
04 July 2002 15:04:00 INQZ4 - No Homogeneous freezing
05 July 2002 13:38:00 INQZ9 —-27.0C Yes Freezing

08 July 2002 11:45:00 INQB3 —-19.3C Yes Freezing

08 July 2002 13:30:00 INQ34 —-18.1°C Yes Freezing

08 July 2002 14:42:00 INQ35 -18.00C Yes Freezing

08 July 2002 16:00:00 INQB6 -17.9C Yes Freezing

08 July 2002 16:57:00 INQ87 -17.9C Yes Freezing

11 July 2002 15:10:00 INQ203 —-12.#C Yes No Ice

11 July 2002 16:30:00 INQ204 —-12.0°C Yes No Ice

04 July 2002 11:46:00 INQZ2 —-34.5C No Deposition
04 July 2002 13:18:00 INQZ3 —-33.7C No Low aerosol
04 July 2002 17:51:00 INQZ5 —-34.9C No Deposition
05 July 2002 10:35:00 INQZ7 —27.9C No Deposition
05 July 2002 11:34:00 INQZ8 —-26.5C No Deposition
05 July 2002 14:48:00 INQB0 —-26.00C No Deposition
05 July 2002 16:11:00 INQ31 —-25.00C No Deposition

since the CPI cannot observe the smallest ice crystals nucleerystals (see Tabl@). The IASSD increases markedly at

ated at the start of the experiment we need to validate the CRemperatures less thar80°C.

against the SID. A polynomial fit to the data for AD1 is shown by the grey
Figure 3 shows a comparison of the IASSD calculated dashed line and yields the following curves for —33°C:

with both probes with error bars The comparison shows

good linear agreement between the two methods with the

al(T +ax)?, T <-ap
CPI tending to under predict the IASSD when compared tonS(T) - {O, T > —ap (123)
the SID probe. It is not clear whether this is due to problems
with SID, CPI or both and so the offset should be kept in ¢n,(T) —k(T)=2xai(T +az), T <—ax
mind. a " {—k(T) —o, T>-a %)

The Poisson uncertainty associated with the CPI data are
larger than the SID errors and are partly because the air- Here,a;=6.723780<10°, a,=2.078x 10 C.
flow velocity was lower though the CPI (5 m%) than it was For freezing on SD2 (Figdb) the range in temperature
through the SID (10 ms) and also because the sample vol- ¢or the data was unfortunately not as large as for the AD1
ume of the CPl is smaller than SID due to probe dead-time. sample. If we look at the enlarged plot (F#(ii), we can
see that the trend is for increasing IASSD with decreasing
4.2 Determination of ice-active germ density vs. T temperature.
It should be noted that experiments were performed at
The CPI data was used to infer the IASSI)(T), as a func-  warmer temperatures—(L.5<7 <8.5°C) than this (experi-
tion of temperature in the manner described in S2&.Fig- ments IN0401, 02, 03, 04 and 05) and non of them yielded
ure4 shows the results of this analysis for these experimentsany ice to within the detection limits of the experiment (see
For freezing on AD1 (Fig4a) we can see that the IASSD Table3). A polynomial fit to the data for SD2 is shown by the
is negligible for temperatures warmer thari8°C and in-  grey dashed line and when fitted to Eq. (12) fos —26.8°C
creases only gradually to temperatures-&7°C. Note that  yieldsa;=4.315221x 1019, 4,=2.503x 10" C. Note that the
experiments INO545, 46, 47, 48 and 49 were performed for fitted curve is zero fofl >—25.03°C unlike the data, which
temperatures warmer than this12.5°C) and yielded noice  shows small, but finite values fag warmer than-25°C.
For freezing on ATD (Fig4c) we noted that there was
1The error bars assume Poisson counting errors at 5 and 95%0 freezing at temperatures warmer thah8°C to within
confidence. detection limits (this was also confirmed by experiments
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INO4_103 and IN02104 at temperatures ef12°C). At tem- <10 CPI-SID intercomparison
peratures colder than this there was a gradual increase in A R B B B BN B B
the IASSD. For the same temperatures, the freezing mode
on ATD showed the highest IASSD compared to the other
two desert dusts. A polynomial fit to the data for ATD is 14F
shown by the grey dashed line and when fitted to Eq. (12) for
T>—27°C yieldsa;=2.019153« 10°, ap=1.515x 10! C. 121
No heterogeneous freezing was observed on ATD for ex- «
periments that started at temperatures colder thad°C S
and this was probably due to the fact that heterogeneous de- v%a'_
position became very efficient at temperatures colder than =’

10F

—25°C, as evident in experiments INGO2, 73, 75, 77, 78, o
80 and 81 (see Tabl). This creates a large vapour sink to r
the particles and impedes liquid drop formation. ar

Figure4d shows results at two different temperatures for ZZ_W w0, ]
deposition nucleation on ATD — see Se8t3.2 The lines :é,’ ]
with triangles show experiments at33°C and lines with P A L S I ISR SR T RTE RV B
pluses show experiments aR5°C. Experiment 81 reached 0 2 4 6 N (im—z) 10 1 1 Xlollle

s,cpi

a lower supersaturatiorn; 0.16) with respect to ice than

experiment 80 (=0.21) and yet shows a higher IASSD _ ) ) )
Fig. 3. This shows an inter-comparison of calculated IASSD be-

12 i 1 -2
(0'5X101 m~* against 0B7x 10" m ). Both values are tween CPI and SID for the available experiments. Error bars are 5

o . ; 0 1
within the Poisson uncertainty at the 90% level and we can and 95 confidence limits for a Poisson distribution. It can be seen

not say if there are pre-nucleation effects occurring betweeqhat the errors associated with the CPI data are higher than the SID.
INO2.80 and INO281. This is mainly because a lower air velocity was used to calculate the
For the heterogeneous deposition experiments in4g. errors in counting with the CPI. Also, there is in general a tendency
the dependence of IASSD on ice supersaturation is consisterier the CPI to undercount ice crystals relative to the SID probe. Itis
with the analysis at Ci temperatures lphler et al.(2006. not clear whether this is a problem with SID or the CPI but it should
be kept in mind when considering the results.

4.3 Testing the parameterization

served byBailey and Hallet{2004) in experiments at+-20°C
(see Figh, right panel).

It can be seen that there is reasonable agreement between
the modelled ice concentration and that observed with the
TPI (0.1cnm3 and 0.25cnT3, respectively). The starting

The IASSD determined in the previous section (see #ag-
c) were quality controlled using the ACPIM model in a pre-
dictive mode as described in SeBt4.

Our aim was to test the parameterizations for experiment

observed at both extremes of the curvesioin Fig. 4 .. tPtaI water concentration has to be incre&siedthis simu-

experiments near the onset of ice formation and examples at . . .
o ation relative to that measured so that the simulated appear-
the low temperature end of the parameterization. We have . . .
. . : L . ance of drops was in accord with the observations from the
done this by visually comparing the concentration timeseries

from the model and data. Note that toward the end of all ex—CPI'

periments the measured ice concentration decreases where, sThe IN.O410 experiment started at19°C and during
the modelled value stays constant. The reasons for this arge %xplerllctment tlheLt_em_zedraturef was :jeducsd 268°0C (see
(1) fall out of the largest crystals to the chamber floor as theytr:g.V\?I'ELeASparoi)—. Fliqu(ISf) z:r?gsn(;)rsT?]iﬁac;it(;rfeziﬁ (Sv?/:s
grow to large sizes; and at the very end (2) sublimation of 1 - PO T (Figb) or SID (Fig.6c) ot
some ice crystals to sizes not observable by the mstrumentsaboutl:lsO& The ice crystal habits observed in this exper-
iment were similar to side planes, overlapping parallel plates
and possibly bare spearheads observeBdiley and Hallett
(2004 at —20 and—30°C.

It appears that in Figob and ¢ the model over-predicts the
concentration of ice crystals initially, but the concentrations

agree at the end of the INOHO experiment. Also evident in

4.3.1 ATD

Firstly we shall evaluate the AT, againstl’ curve (Fig.4c)

by looking at experiments INO86 and IN0O410. IN0286
started at—10.8°C and during the experiment the temper-
ature was reduced te17.9°C (see Fig5a). Liquid drops
formed at about=140s following which some of them 2The cause of this is a systematic error (i.e. offset) in the instru-
froze. The ice crystal habits observed with the CPI in thisment that measures total water. The implications for the quality of
experiment were similar to the overlapping parallel plates ob-the simulation are insignificant.
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AD1 freezing mode SD2 freezing mode
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_15F Curve fit: 6.723780e+009(T+2.078e-+001)%, T< ~2.078e+001 ] _15F Curve fit: 4.315211e+010(T+2.503+001)%, T< ~2.503e+001 ]
E 0, T> -2.078e+001 E 0, T> -2.503e+001
Deriv fit: 1.344756e+010(T+2.078e+001), T< —2.078e+001 F Deriv fit: 8.630422e+010(T+2.503e+001), T< —2.503e+001
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(a) Freezing on ADI1 (b) Freezing on SD2
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“““““ T r
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-30 - ] F INO2_73 b
] 1.26 1
INo4 09 Simple fit: 0.3/2 % (24.0-T), T< —24.0 ] r 1
0,72-24.0 3 104k IN02_72 h
iaf E
3 + 4
E [ IN02_80 ]
12 —
_ 2 1 | ;
—15f - Curve fit: 2.019153e+009(T+1.515e+001), T< —1.515e+001 ] I 1
0, T>—1.515e+001 ] L ]
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T oz 0, T>-1515¢+001 | [ N2 1
Y| P I h I P FERTETRTTY TR TETEY FETRTETET ST
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n(#m7) x10" n (#m?) x10t
(c) Freezing on ATD (d) Deposition on ATD

Fig. 4. This shows results from the ice nucleation experiments in the A{Byshows the curve of IASSD betweef@®and the temperature

on the y-axis for AD1; in all graphs, error bars assume 5 and 95 confidence intervals of the Poisson distribution based on the ice concentration
from the CPI. The gray dashed line shows a robust fit to the data and equations for the curves and their derivalivasevetiown for

the freezing experimentgb) (i) shows the same for IASSD betweefi@and the temperature on the y-axis for SD2, wiiile (i) is an
enlargement of this(c) shows the same for IASSD betweet@and the temperature on the y-axis for ATD. For this experiment the fit did

not yield good agreement with the data since there was a large gap in measurements béd®vaed—25°C. A simple visual fit (shown by

the black dashed line) yielded a good comparison with the experim@jtshows the IASSD between 0 and Rklon the y-axis for ATD in
experiments below water saturated conditions (i.e. nucleation due to heterogeneous deposition).

Fig. 6e is the fact that the modelled supersaturation with re-quickly: there are no drops afte=130 s in the model, but in
spect to ice is too low when compared to the water vapourthe observations they last unti=220s.

TDL measurement aftee=150s, which also suggests prob- .

lems with the prediction of the ice crystal concentration. This 1 N€ reason for this poor agreement seems to be due to

has the effect of evaporating the liquid drops in the model toot"€ fact that there is missing data in the freezing curve pa-
rameterisation in the temperature regim20 to—25°C (see
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Fig. 5. Experiment IN0286 showing freezing on ATD at 16°C. (a) shows the measured (black line) and modelled air temperature (thick
black dashed line){b) shows the CPI measured total concentration (grey dotted line) and ice (black solid line), the modelled liquid and
ice concentrations are shown by the thicker dotted grey and dashed black lines, respdciiatigws the measured total water content
converted to an equivalent saturation ratio wrt. ice (black dashed line) and saturation wrt. liquid (grey dashed line), the thicker dotted line is
the modelled RH (no TDL measurements were available for this experiment). Ice crystal images observed are shown on the right.

Fig. 4c). If we use a different freezing curve that also fits There is very good agreement between the modelled ice
the data well, but has a lower IASSD-a24°C, we are able concentration and the observed CPI concentration with both
to get better agreement. This curve is shown by the blackshowing around 2 cm? of ice crystals near the end of the
dashed line in Figdc and is given by Eq.1Q3) experiment (=300s). For this simulation, the total water
0102 content had to be _slig_htly adjusted in the model from that
nyap(T) = | 2 x@4x 10t-T), T <-24x10°C (13) measured so that liquid water appeared at the correct time.
o Tz -24x10°C This can be seen by the offset between the modelled RH and
Figure 7 shows the result of using the above equation in-the measured RH a=40's (see Fig8c). The total concen-
stead of the fitted polynomial in Seét. We see that there is  tration measured from the WELAS OPC agrees reasonably
much better agreement with the ice concentration, drop conWell with the concentration of drops at the start of liquid drop

Experiment IN0418 started at-20°C and during the ex-
4.3.2 AD1 periment the temperature was reduced 89°C (see Fig9a,

left panel). Liquid drops formed at about140s (see the
We  shall now evaluate the AD1 curve WELAS plot — Fig.9f) and freezing was observed to com-
by  looking at  experiments INQ51  and mence just after=150s as was evident from the CPI and
INO4.18, since these experiments were performed at 2S|D time series (Fig9b and c). The crystals in this ex-
quite different temperatures (see Fig). INO551 started  periment were small and it is almost impossible to tell what
at—17.5°C and during the experiment the temperature wasthey are from the CPI imagery (Fi§, right panel); but they
reduced to-27.5°C (see Fig8a). Liquid drops formed at are likely to be overlapping parallel plates like observed in
aboutr=40s following which there was a small amount of |N0O5_51.
freezing. The ice crystal habits observed in this experiment The starting total water content had to be adjusted slightly
were quite similar to those observed on ATD during experi-in the simulations from the observed value in order that lig-
ment INO4.10; that is similar to the side planes, overlapping yid water in the model appeared at the same time as that ob-
parallel plates and possible bare spear heads observed Rgrved with the WELAS probe (see Figf). However, in
Bailey and Hallet{2004 at —20°C and—30°C (see Fig8,
right panel). 3The cause of this is a systematic error (i.e. offset) in the instru-

ment that measures total water. The implications for the quality of

the simulation are insignificant.
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Fig. 6. Experiment INO410 showing ice nucleation on ATD at24°C. (a) shows the measured (black line) and modelled air temperature
(thick dashed line)(b) shows the CPI measured total concentration (grey dotted line) and ice (black solid line), the modelled liquid and
ice concentrations are shown by the thicker dotted grey and dashed black lines, respécjisblyws the SID concentrations: grey dotted

line is total liquid, black solid line is ice cloud and the modelled liquid and ice concentrations are shown by the thicker dotted grey and
dashed black lines, respectivelg) shows the individual counts of particle size from the SID probe and over laid concentration contours
from the CPI.(e) shows the measured saturation ratio and total water content converted to an equivalent saturation ratio: solid black line
is the saturation ratio wrt. ice, grey solid line wrt. liquid, while the black dashed line is the total water content saturation ratio wrt. ice and
the grey dashed line wrt. liquid. The modelled saturation ratio wrt. liquid is shown by the thicker black dottg@) Istews the WELAS
concentration: black solid line is total concentration (aergstiud), and grey dashed line is the cloud concentration. The modelled liquid
and ice concentration are shown by the thicker grey dotted and black dashed lines, respectively. Ice crystal images observed are shown o
the right.

comparison with other experiments the starting RH was lowat —20°C and—30°C, but there were only a small amount of
in this experiment and is the reason why the ice crystals darystals in total (see Fid.0, right panel).

?eortrgéof\:vox ?ﬁesgl:;‘rgzbi'gl{f tigol\;vgIljngg/:tjgarlssl‘fsr;nihe There is very good agreement between the modelled ice
P Wi u concentration and the observed CPI concentration with both

%F:ncivvsgar:g;vteheziéog ‘Q;nggﬁtog ?g::ecrgﬁggnlt?;t?ésne(;(fpiire'showing around 0.1 cn¥ of ice crystals near the end of the
. good agreer -experiment (=300s). However, near the start of the exper-
and the times at which liquid appears and evaporates. This

) . . iment, just after liquid drops form at=50s, the SID probe
sugge_sts thatthe para_meterlzed curve that was fitted4&)g. observes low concentrations of small ice crystals. The reason
describes the data quite well.

these crystals are not nucleated in the model is because the
value ofn; in the polynomial fit is zero in this temperature
regime; however, the data does show low values of IASSD

1m—2 i ot i
We shall now evaluate the SD2 curve by looking at experi-Of about 01x 10" m (;ee E|g.4b). For predlct|_ons of ice
number concentration in this temperature regime on SD2,

ments IN0558 and IN0431, since these experiments were _ .

performed at 2 different temperatures within the range of ob2 value ofn;=0.1x104'm™2 could be used instead of the
servations (see Figlb). INO4 31 started at-17°C and dur- curve.

ing the experiment the temperature was reduced26°C For this simulation, the total water content had to be
(see Fig.10a). Liquid drops formed at about=50 s follow- slightly adjusted in the model from that measured so that
ing which there was a very small amount of freezing. The iceliquid water appeared at the correct time. This can be seen
crystal habits observed in this experiment were quite similarby the offset between the modelled RH and the measured
to those observed on ATD during experiment INOZ; thatis  RH atr=40s (see FiglOe). The total concentration mea-
similar to the side planes, overlapping parallel plates and possured from the WELAS OPC agrees reasonably well with the
sible bare spear heads observe®byley and Hallet{2004) concentration of drops at the start of liquid drop formation

433 SD2
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Fig. 7. Experiment INO410 showing ice nucleation on ATD using a better fit. Plot captions are as foé Fig.

(see Fig.10f) and the sizes of individual particles from the in the regime where-24.4>T >—25.8°C, n; should be set
SID probe agree well with the PSD contours from the CPIto a constant (Ax 10 m=2).

(Fig. 10d shows these sizes with the contours of the CPI PSD
overlaid in black). 4.4 Characterization of SD2 and ATD composition

Experiment INO558 started at-17.5°C and during the
experiment the temperature was reduced—®7°C (see
Fig. 11a, left panel). Liquid drops formed at abaut40s
(see the WELAS plot — Figl1d) and freezing was observed
to commence just aftee=150 s as was evident from the CPI e
time series (Figllb). The crystals in this experiment had mental composition of the dust samples.

the appearance of overlapping parallel plates, and bare spearﬁ%anflysls.lof tthetr(‘elementaci ﬁompk:)smt())n of Sahar?ndmln- .
heads, consistent with ice crystal habits observe@aijey eral austs simifarto those used here has been presented previ-
and Hallett(2004 at —20 and—30°C (see Fig.11, right ously (Linke et al, 2009. This analysis was provided by X-
panel) ' Ray Fluorescence Analysis (XRF, Bruker AXS, SRS 303AS)

. . . for bulk samples preheated to 10@and for particle sizes
The starting total water content had to be adjusted slightly . ! "
in the simulations from the observed value in order that lig- Dp<20um. Here we will focus briefly on specific aspects

. . . f a further morphological and elemental composition anal-
uid water in the model appeared atthesamenmeasthatoo— a further morphological and elemental composition ana

served with the WELAS probe (see FIgic and d). The total ysis conducted on samples of SD2 and ATD using an envi-

cloud concentration measured with the WELAS OPC Showsg?ggegtsaé,\Sﬂfirén[]?,vﬁ:(e;ﬁtﬁ:snalscégstgoizggesi',\g)i;zgglzﬁ_s

good agreement with the modelled drop concentration alsodividual dust particles. Target images were then compared

In this experiment we have good agreement for the CONCENG ity spectra collected using the ESEM associated energy dis-

tration of ice and the times at which liquid appears and evap- ersive X-ray (EDX) analysis system. Dust samples were
orates. This suggests that the parameterized curve that wzfs Y y y X P

: . . ) mounted onto a standard aluminium stub following dispersal
fitted (Fig.4c) describes the data reasonably well; however,omo double sided carbon film. Excess dust was blown or vi-

brated off the film. ESEM images were then taken of an area
of the stub where an even and almost complete coverage by
dust particles was observed.

It is clear that the three dusts exhibit different nucleation ef-
ficiencies at the 90% certainty level, as noted by the Poisson
uncertainties in Figl5a—c. The purpose of this analysis was
to see if any large differences could be attributed to the ele-

4The cause of this is a systematic error (i.e. offset) in the instru-
ment that measures total water. The implications for the quality of
the simulation are insignificant.
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Fig. 8. Experiment INO551 showing freezing on AD1 at22°C. (a) shows the measured (black line) and modelled air temperature (thick
dashed line);(b) shows the CPI measured total concentration (grey dotted line) and ice (black solid line), the modelled liquid and ice
concentrations are shown by the thicker dotted grey and dashed black lines, respgciiatipgws the measured saturation ratio and total

water content converted to an equivalent saturation ratio: solid black line is the saturation ratio wrt. ice, grey solid line wrt. liquid, while the
black dashed line is the total water content saturation ratio wrt. ice and the grey dashed line wrt. liquid. The modelled saturation ratio wrt.
liquid is shown by the thicker black dotted lin@l) shows the WELAS concentration: black solid line is total concentration (aerokmid).

The modelled liquid and ice concentration are shown by the thicker grey dotted and black dashed lines, respectively. Ice crystal images
observed are shown on the right.
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Fig. 9. Experiment INO418 showing ice nucleation on AD1 at26°C. Plot captions are as for Fif.
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Fig. 11. Experiment INO558 showing freezing on SD2 at26°C. Plot captions are as for Fif.

Figure 12 shows an ESEM image of a typical ATD sam- dominantly Si. This was typical of the composition of many
ple’. The particles are characterized by relatively uniform of the larger 0,>1pum) particles observed. However, the
smooth faceted ensembles with strong fracture lines possimorphology of the ATD could occasionally be highly var-
bly the result of mechanical deformation. Full frame EDX ied presenting both smooth faceted, e.g. the target particle
analysis of this image confirmed the composition to be pre-abelled “c” in Fig.12, as well as granular or “shocked-like
appearances (target particle labelled “1"). Particles marked
SReference: ATD0801 “a”, “e” and “I” (selected as being representative of particle
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Table 5. Atomic elemental percentages as determined by EDX spot
analysis of particles “a” to “I" in Fig. 12a.

SAMPLE ATD
Target Atomic %

Element mean o

C 71.65 13.95
0] 1994 1161
Mg 042 074
Al 0.66 0.50
Si 5.98 3.28
S 0.07 0.06
K 1.10 1.61
Ca 0.85 1.64
Fig. 12. ATD ESEM image (Sample ATD0811) showing both gran- Fe 023 051

ular (or shocked, e.g. “I") and smooth faceted morphologies. Par-
ticles labelled “a” to “I” represent selected locations for EDX spot
elemental analysis (scale 2 um).

Table 6. Mean elemental atomic % composition of SD2 samples
SD8030 and SD8032 based on multiple target EDX spot analyses.
o is the standard deviation of the sample.

SAMPLE SD2
Target Atomic %

Element mean o

C 78.44 11.00
o 17.35 9.58
Mg 0.11 0.10
Al 0.73 0.65
(a) Optical microscope image for scale equal to  (b) Optical microscope image for scale equal to Cl 004 006
1204m 30pm Si 1.99 0.94
& J - \ S 0.03 0.03
P 0.01 0.01
Ni 0.03 0.04
K 0.08 0.14
. . . . . Ca 1.13 1.42
Fig. 13. Optical and scanning electron microscope images of SD2. Fe 0.07 0.8

sizes in the range<4D, <2 um) in Fig.12 revealed signifi-
cant Ca loadings compared to the large particles. The reasoh5 Other interesting experiments
for this is unclear. Tabl®é shows the elemental summary of ) )
the EDX analysis by atomic percentage of the main elementsEXPeriments IN0O277, 78, 80 and 81 were experiments on
Figure 13a and b are optical microscope images takenATD where deposition nucleation was the mer of ice for-
of the raw dust samples, showing the slightly rounded ap-mation atT=—25C (see Table}). These experiments had
pearance of the primary “sand” granules, much larger thar’© liquid yvater present throughout the run and .ylelded very
would have been passed by the chamber pre-filter Systen_glﬁerent ice crystal habits to tho_s_e observ_ed in the freez-
These large particles are loosely coated with aggregates dfid €xperiments and other deposition experimentsgC
much smaller granular particles some of which have beerﬂNOZf?‘z’ INO2.73). _ _ .
dislodged from the surface in the image. FigliBe—f shows The ice cryst.al hab|t§ observed during t_hese experiments
the corresponding ESEM images at increasing magnifica¥eré not consistent with those seen Byiley and Hal-
tions highlighting the sub 2pum and coarse mode distribu-l€tt (2004 at —25°C, which were mostly plates and plate-
tions. EDX for SD2 is summarized in Tabie like poly-crystals including overlapping parallel plates, side-
planes, and spear heads. in fact they were actually a combi-
nation of needle-like crystals, T shaped crystals and perhaps

Atmos. Chem. Phys., 9, 2808824 2009 www.atmos-chem-phys.net/9/2805/2009/
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Fig. 14. Ice crystal habits observed a5°C for deposition nucleation on ATa) shows experiment INQZ7 and(b) shows experiment
IN02_78.

All freezing modes range of conditions that produce these interesting crystals at
"""""""""""""" ] —25°C. They seem to be formed by deposition nucleation on
ATD at temperatures of aroune25°C.

5 Discussion

The polynomial curves (see Sed). for describing the nu-
cleation efficiency of AD1, ATD and SD2 may be used as
1 parameterisations for ice formation rates within atmospheric
. models in the freezing mode. However it should be noted
1 that for the SD2 experiments the range of observations with
1 respect to temperature is quite small and therefore does not
Curve fit: 8.398450e+009(T+2. 191e+001)%, T< ~2.191e+001 show the variability of IASSD with temperature. Figutg
0, T2=2.191e+001 ] shows a summary of all three curves, with the fitted polyno-
DerivJit: 167960 O10(T 2 191001, T2 =2, 131e 001 mial which may also be used for simulations of ice formation
T ] in clouds. However, the differences between the different
samples are significant; as noted from the “error” bars.
n_(#m ) x 10" Sassen et {2003 noted an Ac cloud in the Florida region
during CRYSTAL-FACE that was glaciated at temperatures
Fig. 15. This figure shows all of the fits for the three different dusts between—5 and —8°C. This observation was coincident
with a large amount of dust being advected by long range
transport into the Florida region from the Sahara desert. The
observation does not agree with the freezing parameteriza-
rosette-like habits. Some aggregation was observed angdon in Fig.4b, which showed that the IASSD was negligible
could have been enhanced due to interlocking of the crysin this temperature regime. Aircraft measurements with a
tal shapes. The crystals observed during ING2and 78 are  continuous-flow diffusion chamber (CFDC) showed IN con-
shown in Fig.14a and b, respectively. centrations to be very large within the dust layer at heights
To the authors’ knowledge, this is the first time crystals corresponding to between5 and—8°C (seeDeMott et al,
of this habit have been observed to form-&25°C. Some  2003; however, it should be noted that in this case the pro-
of these crystals have appearances of sheaths, needles acessing conditions of the IN chamber were much colder than
rosettes thaBailey and Hallet{(2004 observed at tempera- the ambient conditions (about36.5°C).
tures of—40, -50, —60 and—-70°C. In addition to this there is also the possibility that the dust
The largest crystals in these sets of experiments were obaerosols become more efficient as IN as they undergo pro-
served in experiments INQ27 and INO278 and smaller, but  cessing in the atmosphere when they are blown across the At-
similar examples of these crystals were observed in experitantic Ocean. Ansmann et al(2008 have hinted that a pos-
ments INO280 and 81. More work is needed to test the exactsible reason for the discrepancy between their measurements
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and the results dbeMott et al.(2003; Sassen et a(2003 very strong deposition mode that was observed at tempera-
was that tures colder than-24°C. We could not quantify this over a
wide range of conditions. A polynomial fitted to the IASSD

“‘when the desert dust was advected over the ocean  fq the freezing mode needed adjustment in the regime where

it could have been mi_xed with maritime particles_ there were few observations 20°C to —26°C) to get good
and may have been influenced by anthropogenic  54reement with between modelled and experimental data.
pollution”. For AD1, we find that freezing nucleation is negligible

(less than 1%) at temperatures warmer th&0°C, while for

It has been shown birueger et al(2004) that certain Ca
frueg (2009 temperatures between29.5°C and—33°C the IASSD in-

containing compounds such as calcite and dolomite may re .
act with nitric acid in the atmosphere to form nitrate salts; creases, doubling °Ye_”h_e temperat_ure rangessica Some
hence potentially modifying the chemical and physical prop_act|V|ty in the deposition ice nucle_atlon mode was noted for
erties of the dust. However, one might expect that the nitratd€Mperatures colder thanl &°C, this was not obseryable at
salts would reduce the IN activity. Another process that may_l.20C and was not observed a26°C; however, this was
be important to increasing the IN activity is chemical aging typically very low (less thgn 1%). . . -
due to oxidation of the mineral surface by ozone. More work For SD20 we found an increase n freezing efficiency be-
is needed to understand the impacts of such chemical agin een—24C and —27C. No freezing was observed for
processes on the dusts ability to act as an IN. emperatures warmer than24°C at least detectable to in-
Other possible reasons for this could be that the dust Samgtrumental accuracy. . .
ple we collected is not representative of all Sahara dust. In- The results from this paper are supported .by a recent li-
deed the large particles in the sample are sifted out beforﬁar study_byAnsm_a_nn et al(200§ that freezing on Sa-
introduction into the AIDA chamber in our experiments and ara dus_t is not efficient f(T?_ZOOC' However, numerous
there have been suggestions that large particles may ha servations suggest there is little doubt that there are pro-

a higher IASSD, as noted by the size dependent nucleatio€SSes that result in ice particle formation at warmer temper-
rates measured Brchuleta et al(2005 for aluminium ox- atures in many cloud typekiobbs and Rangna985 1990).
ide (Al,O3), alumina-silicate (3A0s:2Si0y), and iron ox-  Whether thisis due to contact nucleation or some other, more

ide (FeOs) particles. However, the EDX analysis for the efficient freezing IN that are abundant in the atmosphere is a

the SD2 sample is in reasonable agreement with the valuegues_tion that needs further research to answer.

measured from aircraft samples (8deConnell et al, 2008 This study has brought up several questions that need to
Krueger et al.2004 Formenti et al. 2003 in terms of the be addressed in order to reconcile ice crystal concentrations
Al:Si (0.37), Mg:Si (0.06) and Ca:Si (0.57) ratios. The main " aimospheric models.

difference between the ATD sample and the SD2 sample was 1 |f the Sahara dust sample we collected is representative

the Si content with ATD having around 4 times more Siby  of the Sahara dust observed in the Florida clouds, then
mol. what was responsible for the glaciation of the Ac ob-
served bySassen et a{2003?

6 Conclusions 2. To what extent does atmospheric processing or coatings

) ] ] . by other material affect the freezing efficiency of these
This has been a study of ice nucleation by three different  clei?

dust samples in the temperature regimi€ @o —33°C. It
was found that at temperatures warmer that?°C, freez- 3. Can the largest coarse mode aerosols explain the glacia-
ing on AD1, SD2 and ATD dusts was below our instrument tion of the Ac observed bgassen et a{2003?

detection threshold — which typically equates to less than

o . s ! )
0.01% of dust particles being active as IN. All three sam caused the appearance of thin columnar ice habits2&¢C

I howed increasing freezing efficiency with reasin L . .
ples showed inc €asing ireezing etliciency .t. decreas Yn the ATD deposition experiments? And are these habits
temperature. Deposition nucleation was negligible for tem- : .

observed in the atmosphere under any conditions?

peratures warmer than12.5°C (not shown). In the experi-

ments shown here all of the dust particles in the AIDA acted

as CCN, leaving no interstitial dust particles that could actappendix A

as deposition nuclei. In the atmosphere however, it is rea-

sonable to assume that this would happen and Significant dE'quations and description of parce| model

position nucleation could take place before the formation of

liquid drops. The ACPIM code is a bin microphysical code including
For ATD, we noted that freezing never took place at tem-aerosol thermodynamics followirppping et al.(2005gb).

peratures warmer thar12.5°C and increased by an order Solid inclusions within the solution can be taken into account

of magnitude at temperatures ef27°C. ATD also had a  such as dust particles. The model includes descriptions of the

An additional question that we find intriguing is what
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important liquid and ice phase microphysical processes; actipressure over an ice surfagece ; is the mass of thgth ice
vation of drops; ice nucleation; aggregation, coalescence antin andC; is the capacitance factor. The derivatives are in-
riming. For this study we have neglected collisions and co-tegrated using the DLSODAR numerical integrator available
alescences between the different hydrometeor species sindsm netlib.

this was of negligible importance for the experiments. In the AIDA the chamber wall is an additional source of

In a closed parcel, the total water content remains a conheat and moisture to the air inside. The reduction in pres-
stant and can be partially converted between water vapouisure causes the air temperature to initially fall almost adia-
liquid or ice. The temperature of the air is calculated by con-batically, but the chamber wall temperature stays relatively
sideration of the 1st law of thermodynamics for a closed par-constant. There is therefore a heat flux into the gas from the
cel: chamber wall, which increases as the temperature difference

between the wall and the gas increases. The fact that the wall
d_T - (Rm dp  Lydr ﬁﬁ) R (A1) resides at a warmer tempgerature than the gas means the frost
dt Cpm layer on the wall will tend to dry, acting as a vapour source
to the gas inside the chamber.

We could attempt to model these complexities, but that
is not the focus of this paper. Instead we have chosen to
use measured’, P and total water mixing ratio to drive
the ACPIM model. The time series of the measufedP
and total water mixing ratio;, were used to calculate time
derivatives by fitting parabolas to the data over 10 s worth of

P dt T dt T dt

whereR,, is the gas constant for moist ai,, is the latent
heat of vapourisation,  is the latent heat of fusior,,, is
the specific heat of moist, cloudy ait, is the vapour mixing
ratio andr; is the ice mixing ratio (actually the rate of change
due to an internal phase change).

Also, the total water content within the parcel remains con-

stant: _ 20 ) : X )

data and differentiating this function analytically. This re-
dry n dr n dri _ 0 (nz) ~ moves instrumental noise from the data, which would other-
dt dt dr wise cause problems with the numerical ordinary differential

. - . . . equation (ODE) solver. These derivatives are used directly
wherer; is the water vapour mixing ratio. The time deriva- . : .
tives forr; andr; are calculated from the drop growth equa- for the calculatlop off and P in the mode! rather than using

! the above equation. The absolute starting value of the total

tions for different size bins (foy,, seePruppacher and Klett water measurement was adjusted by a small amount so that
1997 and the ice growth and nucleation equations for the. ) y

different size bins (for;, seePruppacher and Kletl1997). It?u;hoebsrlors:tli'o“nqsu'd water condensed at the same time as in

dD; _ AD*M,, [ e ey ] For total watery;, the above equation is modified to take

(A3a)  the additional flux in to account:

dt — DjRp; [T T,
oL dm dry dry dr; _drt,meas (A5)
T, =T+ —> 24 (A3b)  dr ' dr ' ar ar
’ 4 Djk* dt

wherer; measiS the measured total water. In the model this is
2_d Dj (A3c) achieved by adjusting the water vapour derivatiyeso that
1 dt the above equation is satisfied.

dmj _dDj dm]'
dt  dt dD;

NJT

where the subscript refers to a size binD is the particle  AcknowledgementsSkillful support by the AIDA team is grate-
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dt _RT___ L(LJMW _ ) Edited by: D. Cziczo
esati (T)D* My, k*T RT

whereL; is the latent heat of sublimatios, ; is the supersat-
uration with respect to icessat; (T') is the saturation vapour
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