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Abstract. The recent observation of ultrafine aerosol parti- to occur when preexisting aerosol surface area concentra-
cles in cirrus clouds has raised the question whether aerosalons are low, as preexisting aerosol is a sink for condensable
formation within cirrus clouds is possible, and if so, what gases and therby suppresses nucleation. Preexisting aerosol
mechanisms are involved. We have developed an aerosalso removes freshly nucleated particles by coagulation. The
parcel model of neutral and charged3$0y/HoO aerosol  observation of high ultrafine aerosol concentrations in cirrus
processes, including nucleation from the gas phase and losdouds bylLee et al (2004 and the possibility that these par-
onto cirrus ice particles. Laboratory thermodynamic data forticles formed within the cloud thus challenge conventional
sulfuric acid uptake and loss by small neutral and chargedvisdom, as cirrus clouds typically exhibit large surface area
clusters are used, allowing for a reliable description of bothconcentrations. It has therefore been suggested that the ob-
neutral and charged nucleation down to the very low temperserved ultrafine particles were artifacts of ice crystals shat-
atures occurring in the upper troposphere and lower stratotering in the measurement devideeg et al, 2004. On the
sphere. The model implements a first order scheme for reether hand, the upper troposphere exhibits favorable condi-
solving the aerosol size distribution within its geometric size tions for aerosol formation, including low temperatures, and
sections, which efficiently suppresses numerical diffusion.within cirrus clouds, high relative humidities. Elevated wa-
We operate the model offline on trajectories generated withter vapor concentrations within cirrus clouds could result in
a detailed 1D cirrus model which describes ice crystal nu-an enhanced production of the hydroxyl radical and conse-
cleation, deposition growth, vertical advection of ice crystalsquently of gas phase sulfuric acid. Other processes poten-
and water vapor, and ice crystal sedimentation. In this papetially promoting aerosol formation in cirrus clouds include
we explore the possibility of aerosol formation within non- yet unidentified heterogeneous processes on ice surfaces pro-
convective cirrus clouds and draw conclusions for aerosolducing aerosol precursors, and the homogeneous nucleation
formation in anvil cirrus. We find that sulfate aerosol forma- of hydrophobic organic moleculeKilmala et al, 2006.
tion within cirrus clouds can proceed even at high ice surface Whether aerosol formation within cirrus clouds is possi-
area concentrations, and depends strongly on the size of tHae, and if so, what mechanisms are involved is not a purely
cirrus ice crystals and on the surface area concentration oicademic question: Visible cirrus cove20-40 % of the
preexisting aerosol particles. globe (iou, 1986 Wang et al. 1996 Wylie and Menzel
1999. At the same time the upper troposphere, where cir-
rus clouds are commonly found, is a potentially important
source of new particles supplying the troposphere and strato-
sphere with condensation nucl@&rpck et al, 1995 Clarke
. . et al, 1998 Eichkorn et al. 2002 Lee et al, 2003 Kazil
Aerosol formation from the gas phase requires concentra- . . ;

t al, 2009. A role of cirrus in upper tropospheric aerosol

tions of condensable molecules permitting the emergence o . s R
. . ormation could therefore have significant implications for
supercritical molecular clusters, particles whose growth du . .
ropospheric and stratospheric processes.

to uptake of gas phase molecules is uninhibited by a ther-
modynamic barrier. This nucleation process is more likely
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2 Model formula Fuchs 1964 Jacobson1999, which gives Brow-
nian diffusion rate coefficients for loss onto particles much
We have developed an aerosol parcel model describing neuarger than the air mean free path. A mass accommodation
tral and charged F504/H20O aerosol, its formation from the coefficient of 1 is assumed based on the workHainson
gas phase, and its loss onto cirrus ice crystals. The preser2005. In the rate coefficient calculation the cirrus particles
version of the model utilizes a new treatment of the neu-are represented by spheres with the surface area and mass of
tral HoSO4/H20 cluster thermodynamic data. The hydrated hexagonal column ice crystals with an aspect ratio of 3.
H2S04 dimer (H:SOs)2(H20)x and trimer (BSOs)3(H20)y The model implements a hybrid kinetic-sectional scheme:
formation thermodynamic data, averaged over the clustefn the kinetic part, the model resolves the concentrations
water contents, are calculated explicitly based on fits togf the (HeSOu); (H20); ;) and HSQ (H2S0);—1(H20);-
the recent laboratory measurementsHanson and Lovejoy  clusters individually withi <21. j (i) and,~ (i) are the mean
(2009. These fits read, with the humidity over water RHW H,0 contents of the clusters based on the the cluster water
in %, content probability distribution in equilibrium. Fos21 up
d5(kcal molL K—1) = —0,04 to particle Qiamgters qfvl u.m.the modgl uses geometrig:

1 _ (1) bins. The size distribution within these bins is resolved with
dH (kcal mol™) = —1832-4.55x 107" x RHw linear functions, which suppresses numerical diffusion better
than a doubling of the bin number at a negligible computa-
tional expense. Along a trajectory, the rate coefficients and
dS(kcal mol-t K1) = —0.045 > mean cluster KO contents are recalculated whenever tem-
d H (kcal mol ™) = —2141—2.63x 102 x RHw @) perature or relative humidity change by more than 0.5 K or

. ) 2 percentage points, respectively, whichever occurs first. A
for the trimer formation. For the uptake and loss of sul- requction of these values has no effect on the conclusions
furic acid and water by small charged clusters the modelyf this work. The initial anion in the model is assumed

employs laboratory thermodynamic data measureBroyd to be NG; (HNO3), the cation population is represented by
and Lovejoy(2003h. The thermodynamic data for large H30* (H20)s.

aerosol particles derive from3430, and HO vapor pres-
sures over bulk solutions calculated with the Aerosol In-
organics Model Carslaw et al. 1995, and from the lig-
uid drop model. The thermodynamic data for intermediate3 Input data
size particles are a smooth interpolation of the data from
these sources. An exponential form of the correction toWe operate the model offline on trajectories in the upper tro-
the liquid drop model Gibbs free energy for neutral clus- posphere near 12.5 km, generated with a detailed 1D cirrus
ter as introduced byovejoy et al.(2004 is used. In the model Jensen and Pfiste2004 which describes ice crys-
present case, the correction has been adjusted to better mattsl nucleation, deposition growth, vertical advection of ice
the dimer and trimer data in Egsl)(and @): The term  crystals and water vapor, and ice crystal sedimentation. In
3 e~ (m+tm/5kcal/mol is added to the liquid drop Gibbs free this work we focus on cirrus clouds that form in either a
energies for the addition of a sulfuric acid molecule to aslow (~10~% K s71) or a fast (102 K s™1) updratft, re-
(H2SOy),,—1(H20), cluster and for the addition of a water sulting in larger but less numerous or smaller but more nu-
molecule to a (HSOQy),,(H20),,_1 cluster. The present neu- merous ice particles, respectively: The largest ice crystal
tral thermodynamic data predict more stable small neutralconcentration on the slow updraft trajectory is 0.012ém
clusters and more efficient neutral nucleation than the prewith a size distribution peak near §0m particle size, and
vious treatmentl(ovejoy et al, 2004). 0.373 cnT2 on the fast trajectory, with a size distribution
The rate coefficients for sulfuric acid uptake and loss bypeak near 3gum particle size. The average ice surface area
the aerosol particles, for the coagulation of the aerosol parconcentration is considerably higher in the fast updraft cirrus
ticles among themselves, and for the recombination of thewith 407 um? cm~3, versus 2m? cm~2 in the slow up-
negatively charged aerosol with cations are averaged ovedraft cirrus. These surface area concentrations are calculated
the equilibrium HO content probability distribution of the assuming that the cirrus ice crystals are hexagonal columns
aerosol. This simplification holds well in the troposphere, with an aspect ratio of 3, and the particle sizes are diameters
where water is more abundant by orders of magnitude tha®f volume-equivalent spheres.
sulfuric acid, so that the clusters always have enough time Figurel shows the evolution of pressure, temperature, rel-
to equilibrate with respect to water uptake/loss before collid-ative humidity over water and ice, and ice surface area con-
ing with a HbSOs molecule. Details of the rate coefficient centration along the two trajectories. The irregular struc-
calculations are given biyovejoy et al.(2004). ture of the slow updraft cirrus ice surface area time series
The rate coefficients for loss of sulfuric acid and aerosol(Fig. 1a) is due to sedimentation of the cirrus particles from
particles onto cirrus ice crystals are calculated with the Fuch@nd across the considered air parcel. A similar but less

for the dimer formation and
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Fig. 1. Ambient conditions and cirrus ice surface area concentrations (gray areas) along tH@)séowl fast(b) updraft trajectories,
generated with a 1D cirrus modelghsen and Pfiste2004. RHi and RHw denote the relative humidity over a flat ice and a flat water
surface, respectively.

prominent variability is seen in the fast updraft cirrus ice sur-  For the calculation of the $80, production rate, OH and
face area time series (Fitj). SO, concentrations need to be specified. We assumg SO
The cirrus considered in this work form in the absencevolume mixing ratios between 10 and 200 ppt, with a me-
of convective activity, and the chemical composition and dian near 40 ppt based on observations in the Pacific up-
aerosol properties along the trajectories need to be spe@er troposphere north of 2qThornton et al. 1999. Up-
ified accordingly. However, upper tropospheric chemical per tropospheric OH mixing ratios at northern mid-latitudes
composition and aerosol properties exhibit a fair amount ofrange up to 0.4 pptiaegt et al, 2000. We set the noon OH
variability due to transport of anthropogenic and volcanic mixing ratio to 0.3 ppt, corresponding to a concentration of
emissions Thornton et al. 1996, and due to convection, 1.7x10° cm~23, and parameterize the OH diurnal cycle as a
which lifts boundary layer air and initiates aerosol forma- half sine centered around noon, with a day length of 12 h,
tion aloft, most notably in the tropic(arke et al. 1998 while setting nighttime OH concentrations to zero. The pro-
Kazil et al, 20069. The specification of a typical upper tro- duction rate of sulfuric acid is then calculated under the as-
pospheric background chemical and aerosol state is theresumption that the reaction S®OH is the rate-limiting step
fore not straightforward. Based on their systematic measureef the oxidation chain S©&->H>SO, (Lovejoy et al, 1996.
ments of upper tropospheric aerosol concentratibtusikin We use solar maximum galactic cosmic ray ionization rates
et al. (2003 give an average concentration of Aitken parti- calculated with the code @'Brien (2005 for 21¢° E, 35 N
cles (with diameters-14 nm) of 770 cm® (at 273 K and  and for the ambient conditions along the trajectories.
1000 hPa) at northern hemisphere mid-latitudes. This cor-
responds to 175 particles per €im the ambient conditions
at the start of our trajectories. We neglect the concentration$ Results
of ultrafine aerosol measured Minikin et al. (2003, who . .
attribute these particles to locally or regionally confined pol-4-1 Daytime cirrus
lution events.Hagen et al(1995 measured concentrations )
of aerosol with diameters 17 nm in the mid-latitude upper Figure2 shows gas phase;830, and aerosol concentrations
troposphere. They identified two types of aerosol size dis-c@lculated with our aerosol parcel model on the slow (Eag.
tributions in and around cirrus clouds: One that can be well@nd on the fast (Figlb) updraft trajectory for different SO
described with a single log-normal distribution function, and Volume mixing ratios. The cirrus formation has been syn-
the other being characterized by elevated concentrations cﬁhro.nlzed W|.th sunrise in order to examine the effect of cirrus
small particles, possibly originating from a recent nucleationParticles on in-cloud aerosol formation.
event. We therefore initialize our model with a preexisting ~ Within the slow updraft cirrus (Fia), gas phase 1304
log-normal size distribution of neutral aerosol with a geo- concentrations rise to levels permitting aerosol nucleation at
metric mean diameter of 62.5 nm and a geometric standar©2 Mixing ratios as low as 15 ppt, yielding several hundred
deviation of 1.45, in accord with the high altitude measure-Supercritical particles per cm At 45 ppt SQ, many thou-
ments oHagen et al(1995. The total particle concentration Sand supercritical particles form per &im the cloud, but

of this initial size distribution is 175 cr, its surface area  ©Nly negligible concentrations of particles larger than 3 nm
concentration 2.8&m?2 cm~3. in diameter. These larger particles appear at 60 ppt &ad

attain appreciable concentrations of several thousand per cm
within the cloud at 90 ppt S©
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Fig. 2. Daytime slow(a) and fast(b) updraft cirrus; the cirrus ice surface area concentration is denoted by gray areas. Broken lines represent
the H,SO4 concentration, thin solid lines the concentration of supercritical aerosol particles, thick solid lines the concentration of aerosol
particles with diameters 3 nm.

In the fast updraft cirrus the large surface area concenslow updraft trajectory, resulting in lower30, production
trations remove sulfuric acid quickly from the gas phaserates.
(Fig. 2b). This rapid removal manifests most prominently
as dents in the B8Oy concentration that are collocated with
peaks in the surface area time series. Nucleation is strongl$ Discussion
inhibited and supercritical aerosol concentrations remain low
even at high S@mixing ratios until sedimentation of the ice  The removal of condensable gases from the gas phase is dif-
crystals has depleted the cloud. The dissipation of the cloudusion limited for particles that are much larger than the mean
prompts an increase ind3Q concentration and aerosol nu- free path length of air, which is typically1 wm in the tropo-
cleation, followed by the formation of larger 8 nm diame-  sphere. Hence cirrus ice crystals removSEy, molecules

ter) particles. from the gas phase less efficiently per unit surface area than
smaller aerosol particles.
4.2 Nighttime cirrus This is illustrated in Fig4, which shows the effect of vari-

ations in preexisting aerosol surface area concentration on
Figure3 shows gas phase;80; and aerosol concentrations aerosol formation in the case of the slow updraft cirrus, with
on the slow (Fig.1a) and fast (Figlb) updraft trajectories @ SQ volume mixing ratio of 90 ppt. Three initial neutral
which have been shifted with respect to the diurnal cycle so@€rosol populations are compared, with surface area concen-
that the cirrus clouds form at sunset, illustrating the effect oftrations of 1.42, 2.84, and 5.68m” cm~3, corresponding
ice surface area on aerosol that formed prior to the cloud. 0 H2SOy condensational sinks of 7>-<ﬂO__5. 1.5x 10__4, and
Aerosol particles exceeding 3 nm in diameter that formed3x10~* 74, respectively. A geometric mean diameter of
in the course of the day endure the slow updraft cirrus cloud®2-5 hm and a geometric standard deviation of 1.45 is as-
nearly unscathed (Figa), their slow decline is mainly dueto Sumed in all three cases. The${y condensational sinks
coagulation among themselves. Particle concentrations ar&€re calculated with
reduced more distinctly in the fast updraft cirrus (F3j), Nmax
but a fair portion of the 3 nm particles survives the cloud s = / dnk(n)p(n) (3
phase. The fast updraft cirrus almost instantly removes all
sulfuric acid from the gas phase, while the removal is morewheres is the condensational sinikK{¢lmala et al, 2001),
gradual in the slow updraft case. p(n) the concentration of aerosol particles containing be-
A closer inspection of FigB reveals that the concentration tweenn andn+dn HoSO4 molecules, and(n) the rate coef-
of particles larger than 3 nm is slightly higher at the time of ficient for the uptake of LSOy by a neutral particle contain-
the cirrus formation on the fast updraft trajectory (F3i) ing n HoSO; molecules, calculated with the Fuchs formula
compared with the slow updraft trajectory (FBp): While  (Fuchs 1964 Jacobson1999. nmax2x10° is the HhSOy
the SQ mixing ratios are held constant along the trajecto- content of the largest aerosol particles taken into account in
ries, the S@ concentrations decrease due to the expansion obur model simulations.
the air parcel in the updraft, which starts at 11 h (trajectory An increase of the preexisting aerosol surface area con-
time) on the slow updraft trajectory (Fida), but at 22.5 h  centration from 2.84 to 5.68m? cm~2 completely halts the
(trajectory time) on the fast updraft trajectory. As a conse-formation of >3 nm diameter particles, while a decrease to
quence the S@concentration is lower during daytime on the 1.42um? cm~2 markedly boosts the concentrations of these

Atmos. Chem. Phys., 7, 1407413 2007 www.atmos-chem-phys.net/7/1407/2007/
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Fig. 3. Nighttime slow(a) and fast(b) updraft cirrus; the cirrus ice surface area concentration is denoted by gray areas. Broken lines
represent the 50, concentration, thick solid lines the concentration of particles with diamet&nsm.

particles (Fig4). This strong dependence of particle forma- mid-latitudes Fischer et al.2003. Boundary layer air may

tion on preexisting aerosol surface area concentration is dualso contain aerosol precursor gases other than JBese

to the comparably low averageHOs condensational sink of  precursor gases need not necessarily nucleate, but could con-

5.3x107° s~ of the cirrus cloud, despite its higher average tribute to the condensational growth of freshly nucleated sul-

surface area concentration of 28n% cm=3. The diffusion  furic acid/water particles.

limited removal of sulfuric acid from the gas phase by cirrus  In the cases considered in our simulations, ionization rates

ice, together with the low temperatures in the upper tropo-amount to values around 30 crhs—2, but neutral nucleation

sphere explains why aerosol formation can proceed in cirrugiominates over charged nucleation by at least a factor of two.

clouds. The charged nucleation rate may be underestimated in our
Our study does not directly address anvil cirrus cloudsmodel for different reasons: The cation population is rep-

with very large ice surface area concentrations, in whied  resented by a proton hydrate in our model. However, posi-

et al. (2009 observed high numbers of ultrafine particles: tive sulfuric acid/water clusters, while less potent to promote

Anvil cirrus form in a highly dynamic environment associ- aerosol nucleation compared with their negative counterparts

ated with convection, and cannot be easily compared withat temperatures of the lower troposphefeofyd and Love-

the cirrus in our simulations. Nonetheless, we can explorgoy, 20033, might grow to stable sizes in upper tropospheric

the conditions under which aerosol formation proceeds in theconditions and thus contribute to aerosol formation. Stable

presence of very large ice surface area concentrations: neutral aerosol particles can also form from the recombina-
Figure5 shows results for two idealized cirrus clouds con- tion of subcritical positive and negative sulfuric acid/water

sisting of 19um or 78 um ice crystals, with a surface area clusters or other complex cations and anions.

concentration of 125@m? cm~3 in both cases, and a zero

preexisting aerosol surface area concentration. For 1 ppb

SO, the cloud with the smaller crystals completely sup- 6 Conclusions

presses the formation of3 nm diameter aerosol, while a

massive nucleation event occurs in the cloud with the largerrhe formation of sulfate aerosol from the gas phase in cir-

crystals, leading to the formation ef 3 nm diameter parti-  rus clouds is possible, and facilitated by the relatively inef-

cles at concentrations in the thousands pet.cfhe striking  ficient, diffusion limited removal of sulfuric acid from the

difference is due to the slower removal of sulfuric acid from gas phase by cirrus ice crystals, and by the low tempera-

the gas phase in the cloud with the larger ice crystals: Theures in the upper troposphere. Neutral nucleation dominates

H2S0O4 condensational sink is 22104 s~ in the case of  over charged nucleation in the considered cases. In non-

the larger, and 85710~* s~ in the case of the smaller ice convective cirrus that form in slow updrafts and thus exhibit

crystals. comparably low surface area concentrations, aerosol nucle-
While not common, S@mixing ratios in the ppb range ation is possible at S£Omixing ratios as low as 15 ppt. For-
have been observed in the upper tropospharadld et al, mation of larger £3 nm diameter) aerosol particles within

1997. A process that could establish such high,S€rels  these clouds requires $@nixing ratios elevated within the

is the convective lifting of polluted boundary layer air which range of values found in the northern mid-latitude upper tro-

may contain S@ at mixing ratios of many ppb (e.¢danke  posphere. In cirrus with large ice surface area concentrations,
et al, 2003. This is a plausible scenario as anvil cirrus form such as formed by fast updrafts or due to convective activity,

due to strong convective updrafts, which are capable of lift-aerosol nucleation and growth are strongly inhibited, and re-

ing boundary layer air as high as into the stratosphere, even ajuire very high S@ levels to proceed. In the case of anvil

www.atmos-chem-phys.net/7/1407/2007/ Atmos. Chem. Phys., 7, 14032007
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Fig. 4. Effect of preexisting aerosol surface area concentration on9- 5. Aerosol formation in two idealized cirrus clouds with an

>3 nm aerosol particle formation in the slow updraft cirrus. Cir- i@ surface area concentration of 1250~ cm™* (gray area), at

rus ice surface area concentration is denoted by gray areas. BrokeiPnstant conditions of 170 hPa, 210 K, and 150 % relative humidity

lines represent the 50, concentration, thick solid lines the con- OVer ice. The first cloud consists of 1ém, the second of 7&m

centration of particles with diametezs3 nm. ice crystals. The day length is 12 h, the noon OH volume mix-
ing ratio 0.3 ppt, and the SOvolume mixing ratio 1 ppb in both
cases. Preexisting aerosol surface area concentration has been set
to zero. Broken lines represent the$0, concentration, thin solid

cirrus, such high S@concentrations could be established by !ines the concentration of supercritical aerosol particles, thick solid

transport of polluted boundary layer air into the upper tro- lines thg C().ncentr.at.ion pf aerosol particles with diameieﬁrsn.m.

posphere, along with other aerosol precursor gases by th_gucleatlon is negligible mthe_presence of the smaller, but vigorous

. - . . in the presence of the larger ice crystals. In the latter ca8eim
convective updraft that is responsible for the formation of . . :
. . diameter aerosol particles are produced in vast numbers.

the cirrus cloud. Aerosol particles that nucleate and grow to

larger sizes before the formation of a cirrus cloud can persist

in considerable numbers within the cloud, even at high ice

surface area congentratlons. . References
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