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Abstract. A polar cirrus case study is discussed with the temperatures prevailing in the winter upper troposphere and
help of a one-dimensional model with explicit aerosol and lower stratosphere, cirrus clouds form frequently at high lat-
ice microphysics. It is demonstrated that continuous cool-itudes, and their occurrence is often tied to synoptic weather
ing of air in regions with small amounts of ice and slow systemsDel Guasta et al1994 1998 Masuda et a).200Q

ice deposition rates of water vapor drives significant in-cloudPetzold et al.200Q Reichardt et a).2002 Pfister et al.
supersaturations over ice, with potentially important conse-2003. Clear observational evidence exists for ice clouds in
quences for heterogeneous halogen activation. Radiativelyhe layer between the local tropopause and the hygropause at
important cloud properties such as ice crystal size distribupolar latitudesKarcher and Solomqri999 Lelieveld et al,

tions are investigated, showing the presence of high numbet999. Little is known about Arctic cirrus clouds due to their
concentrations of small crystals in the cloud top region atdifficult accessibility and the resulting paucity of observa-
the tropopause, broad but highly variable size spectra in theions, although these clouds are capable of exerting a notice-
cloud interior, and mostly large crystals at the cloud base able radiative impact, drying the upper troposphere, activat-
It is found that weakly forced Arctic cirrostratus are highly ing heterogeneous chemistry affecting ozone, redistributing
efficient at dehydrating upper tropospheric air. Estimatingtrace gases, and seeding lower mixed-phase clouds via verti-
nitric acid uptake in cirrus with an unprecedented treatmentcal redistribution of ice nuclei.

of diffusion-limited trapping in growing ice crystals suggests

that such clouds could also denitrify upper tropospheric airl.1 Radiation and chemistry issues

masses efficiently, but a closer comparison to suitable obser- o ) o
vations is needed to draw a definite conclusion on this point.] "€ iC€ crystals in high Arctic clouds absorb upwelling in-

It is also shown that low temperatures, high ice supersatufrared radiation and thereby heat the tropopause region and

rations, and the absence of ice above but close to the cloutfolate the polar troposphere from cooling. At the same time,

top region cause efficient uptake of nitric acid in backgroundthese clouds exert a counteracting solar-albedo effect by re-
aerosol particles. flecting more sunlight back to space. Both effects are not

well quantified. Data from the International Satellite Cloud
Climatology Project (ISCCP, D2 dataset) reveal global an-
) nual mean high cloud (above 440 hPa) occurrence frequen-
1 Introduction cies of 19.6% at 60N (Rossow and Schifferl999. This

. ) L figure is a lower limit because thin clouds with optical depths
Unraveling the role clouds and associated climatic feedbackgqiow 0.1-0.3 are not detected. Accurate satellite remote

play in modulating the Greenhouse warming in the Arctic is gensing of Arctic clouds is severely hampered by the little

a key ele_ment in many global climate studi€(ry et al, contrast between cloud and the underlying reflecting snow
1999. Airborne measurements of total water suggest thaly, jee surface, the relatively small cloud optical depths, the

dehydration by cirrus clouds at high latitudes was respon-,isence of low-level fog and haze, and the partial absence

sible for_the observed Winte_rtime asymmetry of upper tro- ¢ sunlight Curry et al, 2000. Improvements of retrieval
pospheric water concentrations between the Northemn and,qrithms require knowledge of ice crystal size and shapes
Southern hemispherekglly et al, 1993. Owing to the low 54 the amount of cloud ice all of which are hardly known
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1758 B. Karcher: Polar cirrus model case study

Arctic cirrus clouds are known to dehydrate and possiblyto reactive chlorine can persist for many weeks, while cir-
denitrify upper tropospheric air masses. Cirrus have beenus clouds have a limited life time and may be transported
suspected to be responsible for the observed dryness of ain different air masses. Recent observational evidence for
in the Arctic winter Murphy et al, 1990. In situ measure- the presence of enhanced levels of CIO near the winter Arc-
ments of water (HO) close to the winter Arctic tropopause tic tropopause has been reportedTyornton et al(2003.
have shown that the formation of cirrus and subsequent sediMeasured mixing ratios of ClO of 15-20 pptv exceeded typ-
mentation of ice crystals may dry the air on the time scale ofical values found in airborne measurements in relatively dry
a few hours §chiller et al, 1999. More recent in situ mea- conditions by at least a factor of 18rhith et al, 2007), con-
surements in the same region quantified the condensed phasttuting an effective loss process for ozone. More recent
water and ice crystal size distributions, yielding evidence formeasurements at a similar time and location in the Arctic
the presence of large (size exceeding 20 um) ice cyrstals ikonfirm these data, showing even higher levels of CIO be-
Arctic cirrus Hallar et al, 2004). Such large crystals are ca- tween 20-40 pptv slightly above the tropopause, in one in-
pable of redistributing water (and other trace gases attachestant within a cirrus cloud (F. Stroh, personal communica-
to them) and heterogeneous ice nuclei (if the crystals formedion, 2005). Even in the absence of cloud, halogen activation
on them) efficiently by rapid gravitational settling. proceeds very rapidly on background aerosols (see below)

A combination of trace gas and trajectory analyses basedomposed of KO, sulfuric acid (HSQOy), and nitric acid
on aircraft measurements have shown a significant potenfHNO3), at low temperatures<205 K) above ice saturation
tial for cirrus formation well above 43km) the Arctic  without freezing Meilinger et al, 2001).
tropopause from midwinter to early spring. Cirrus form
because of the simultaneous occurrence of low temperal.2 Nitric acid phase partitioning in cirrus clouds
tures 210K) and the enhancement of,® mixing ra-
tios above average stratospheric leveld£6 ppmv) by rapid ~ Uptake of HNQ on or in ice has been reported in numer-
troposphere-to-stratosphere mixiriefigter et al.2003. In  ous laboratory and field measuremer®ogp et al. 2004
the Arctic tropopause region and below, the same analysegnd references therein). Given the variety of conditions un-
reveal the frequent occurrence of ice (super-)saturation ager which HNQ-ice interaction may take place in the at-
low H,O mixing ratios (5 ppmv) caused by synoptic storms. mosphere (wide ranges of temperatures, H@rtial pres-
These weather systems lift air parcels originally located pole-sures, and cirrus properties) and uncertainties in theoretical
ward of the tropospheric jet upward and poleward and triggerdescriptions of the uptake process, it remains largely un-
cloud formation and dehydration by rapid and strong cooling.clear if cirrus-induced denitrification is relevant globally and

Ozone concentrations have declined at midlatitudes in thavhich cirrus type is most effective in vertically redistributing
northern hemisphere lowermost stratosphere and tropopaugeéNOs. Besides providing an overview of the temporal and
region, with mean decadal trends peaking betwe@®o and  spatial development of radiatively important parameters such
—12% at 100—200 hPa in the winter and spring seasoms ( as ice crystal size distributions and examining the possibil-
gan et al, 1999. Both changes in transport and heteroge- ity for ice supersaturation occurring within and dehydration
neous chemisty have been invoked to explain these large negaused by polar cirrus, this served as another motivation to
ative trends, but their relative contributions are uncertain. ~ conduct the present study.

Tracer transport studies have shown that gases released Measurements of HN@concentrations and other param-
north of 50 N between 150-300hPa could be efficiently eters have revealed that liquid ternary aerosols composed of
mixed into the midlatitude regions where ozone is observedH>0, HNG;z, and bSOy are present in the Arctic tropopause
to decline Rogers et a).2002. Chemistry-transport models region (rie et al, 2004. These aerosols, commonly denoted
predict the activation of significant quantities of chlorine in as supercooled ternary solution (STS) particles, freeze ho-
the presence of cirrus cloudSd¢lomon et al.1997. Chlo- mogeneously to form cirrus clouds at high relative humidi-
rine activation on cold aerosol droplets and ice particles, subties over ice in the same way they serve as nuclei for polar
sequent catalytic destruction of ozone, and export of chemstratospheric ice clouds. Besides being taken up by aerosol
ically processed air to midlatitudes helps to explain the ob-particles, HNQ@ partitions in the ice phase in the presence of
served ozone trends at midlatitudes, provided cirrus occucirrus clouds. A model analysis of the associated nonequi-
frequently at high latitudes up to a few kilometers above thelibrium phase partitioning of HNg) as presented below, has
tropopause (see above) and the heterogeneous chemical neet yet been performed.
actions known to occur on polar stratospheric cloud particles Airborne measurements of HNOcontained in cirrus
similarly enhance reactive chlorine in the presence of liquidcloud particles have frequently been expressed in terms of
aerosols and cirrus cloudBd@rrmann et al.1996. an equilibrium ice surface coverage and fitted to various

The presence of reactive halogenes (e.g., in the form ofsotherms as a function of the HN@artial pressure and air
chlorine oxide, ClO) does not necessarily correlate with thetemperature. A dissociative Langmuir isotherm can be used
presence of cirrus clouds at the same location, because the fit the uptake data as a function of the partial pressure but
chemical activation times of CIO are short and perturbationsfails to provide a reasonable fit as a function of temperature
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B. Kéarcher: Polar cirrus model case study 1759

(Popp et al.2004. More importantly, local equilibrium con- The basic physics of the numerical model is summarized

cepts neglect the trapping of HN@n the ice crystal volume in Sect.2, in particular the novel features of the APSC

during growth as well as possible kinetic limitations of up- 1-D such as vertical transport and the tracking of height and

take and thus are incapable of adequately describing the corsize of many individual ice crystals. Numerical schemes used

siderable variability in observed HNontent in cirrus ice  to solve microphysical equations and explicit expressions for

crystals. nucleation rate coefficients, vapor fluxes, gas solubilities, and
The large scatter and the less than perfect agreement witterminal fall speeds are compiledkarcher(2003. Results

equilibrium uptake models suggests that ice phase MO are presented and discussed in SB8and the conclusions

not in equilibrium with its gas phase reservoir, which led are given in Sec#.

Karcher and Bask{®004) to develop a model for trace gas

trapping in growing ice crystals. Trapping integrates the

uptake over the entire life cycle of individual ice crystals 2 Model description

and cannot simply be correlated to instantaneous variables. . .

This description of uptake combines surface kinetic pro-2-1 Vertical advection

cesses with diffusion-limited trapping of HNGilong with

condensing HO vapor; it is thus physically more plausible

than assuming ice equilibrium and calculating the amount o

particle HNG; by model isotherms.

Air temperaturel’ and pressure, potential temperature,
1number density of air moleculesas well as volume mixing
ratios x,, (H20) and x, (HNOs), aerosol particle number
density, and number density of soluteo&0, and HNG)
and HO in the aerosol particles are discretized over an al-
titude -)grid. All variables excepp, T, andc, which are

Accurate modeling of cirrus clouds and trace gas—ice inter-cOMputed diagnostically, are advected as volume mixing ra-

actions is of central importance for chemistry-climate predic-110S X, using a prescribed vertical wind field that causes
tion and weather forecasts. In this work, the one-dimensionaftdiabatic cooling and serves as the key cloud-forcing agent:

1.3 Model case study

(1-D) vertical, cloud-resolving model APSE1-D is pre- I(xe)  dwye)
sented and applied to an observed Arctic cirrostratus cloudT + PP 0. (1)

(Reichardt et a).2002. The simulation is idealized, but it
is partly based on information from nearby radiosondes andvertical turbulent diffusion is not included.
the results are consistent with the observed, general synoptic- Advection, aerosol, and ice particle processes are
scale cloud development (see Séct). operator-split in the code. The time step is chosen such that
The 1-D-version has been developed on the basis of the ddhe ice saturation rati; (usually the most critical and fastest
tailed microphysical model APSC (Advanced Particle Simu- varying parameter) does not vary more than 0.1-1%, but it is
lation Code) Karcher 2003 to simulate vertical advection, also ascertained that crystals do not fall across two altitude
size-dependent aerosol particle growth and evaporation, tradeins within a time step and that the Courant-Friedrichs-Levy
gas trapping in ice, homogeneous freezing and heterogesriterion is not violated.
neous ice nucleation, and individual ice crystal growth, sub- The sharp gradients and small features in the vertical pro-
limation, and sedimentation. Some features such as trackingjles of relative humidity and other variables in cirrus clouds
of individual ice crystals and the treatment of particle waterrequire the use of a numerical scheme preserving local ma-
uptake and homogeneous freezing are shared by the modglma or minima as accurately as possible. To transport gas
developed bylensen et a{20053. The cloud type has been and particle volume mixing ratios, a fast yet accurate, mono-
chosen as the basis for the present model study because tifnic, positive definite, and mass-conserving tracer advection
its long life time (at least 7 h) and large vertical extent (more scheme is employed\alcek 2000. A z-grid is used with a
than 5 km). Together with low air temperatures, these factorspatial resolution small enough to resolve the rapid homoge-
potentially favor the partitioning of HN®in the ice phase neous freezing events that take place in the top cloud layers.
and efficient vertical redistribution of HN§Qand the contin-  The grid spacing\z is obtained from prescribing the mini-
uous forcing produces significant supersaturation over ice. mum and maximum altitude of the vertical domain and the
The present simulations combining a cirrus cloud- number of altitude bins.
resolving model with a model of trace gas trapping and gas- The advection sequence is computed as follows. First, the
aerosol microphysics are unprecedented. A detailed studinitial profiles T'(z), 6(z), Si(z), and x,(z) are prescribed,
of the phase partitioning of #0 and HNQ and associated along with the vertical wind fiela (z, £). The initial pressure
dehydration and denitrification effects is presented, yieldingprofile follows from p(z)=pol[T (z)/6(z)1%/*, wherex=2/7
important insights into the physical processes involved andand po=1000 hPa. The gas phase water mixing ratidz)
pointing toward the key issues needed to better understanthen follows fromsS;, 7, andp.
and predict these processes in future observations and mod- Second,f is advected in the first time step, and a new
els. pressure profile is obtained with the help of the hydrostatic
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1760 B. Karcher: Polar cirrus model case study

balancedp/dz=—gp/(RT), whereg is the gravitational ac- residing in the droplets prior to freezing is retained in the
celeration andR is the ideal gas constant. Combining this ice crystals, but a sensitivity study will examine the effects

equation withd=T (po/ p)* yields of changing the retention coefficient upon the HiNghase
- r bk partitioning. Of course, HN@dissolved in liquid droplets
— =, M= (_) , 2 may evaporate in non-freezing dropletsifis reduced after
9z o po ice formation.

from which p () follows by integration:
2.3 Growth and sedimentation of ice crystals

[p(z, t)]K B [p(z*)]K /7 dz ®)

Po L po . 0z, 1) The growth of ice crystals occurs via deposition of water va-
por from the gas phase, using a similar diffusional growth
law as for liquid aerosols but including the effects of habit
and ventilation. Ice particles are hexagonal columns with

In Egs. @) and @), '=g«/R is the dry adiabatic lapse rate.
Equation B) is solved by trapezoidal integration. At the fixed

reference lev he initial val is ki nstant. A ) )
eference levet,, t © tia .auep(z*? S kept constant . . an aspect ratio of 3 for diameters?5 um and spheres for
value ofz, located in the middle portion of the cloud mini- . - Lo
: . . . . smaller sizes. Ventilation enhances sublimation and evapora-
mizes the impact of the pressure perturbations in the simula:. )
tion tion rates for largeX50 pum) crystals. The ice vapor pressure
The third step consists of calculating a new tem- rec;ommended byturphy and Koop(ZOOE? IS usc_ed. Nitric
. . . acid uptake does not affect the crystal size owing to the low
perature profile from the updateg and 6 fields via . 2
« . : molar ratio of HNQ to H,O (<10~7), but the amount of
T(z,t)=0(z,t)[p(z,1)/pol“, and a new air density pro- . R, . . )
. . . HNOs contained in individual ice crystals is tracked in the
file from the ideal gas law(z, t)=p(z, t)/[kpT (z, t)], With . ) . o
) . code. The ice crystals sediment owing to gravitational accel-
Boltzmann’s constantg. Finally, gas, aerosol number, and T Y . . . )
i 2 S ; ._eration; their individual locations are obtained by integrating
aerosol solute and liquid water mixing ratios in each size bin . S . .
. , the difference between their size- and habit-dependent termi-
are advected using the updatefield. ) . .
nal fall speed and the local vertical wind over time.
2.2 Aerosol growth, trace gas uptake, and freezing To calculate ice crystal growth, a standard expression for
the diffusional growth law (Eq. (15) iKarcher 2003 is ap-
Background aerosol particle number concentrations andlied together with a fixed ice mass deposition coefficient of
those of BO, HNQs, and SO, (per unit volume of air) 0.5 Haynes et a.1992. Lowering this value would lead to
contained in these particles are discretized over radius bingnore ice crystals while an increase would have little effect on
in each altitude bin. While pBQy is treated as an involatile the results. A fixed value for the deposition coefficient is a
species in the STS particles, the amount of volatile materiasimplification. It is possible that real deposition coefficients
is allowed to change kinetically according to condensationto be used in conjunction with more sophisticated growth
and evaporation processes, mainly dictated by the evolutiommodels could show very sensitive dependences on supersat-
of T (determining the gas solubility in the droplets) and the uration. However, such growth models valid for small ice
availability of the molecules in the gas phase. crystals, low temperatures, and high supersaturations are not
The exact sizes of the liquid particles are computed byyet available Klelson 2009. On the other hand, the present
summing up volatile and (constant) nonvolatile contributionsapproach is capable of explaining atmospheric observations
to the total particle volume. This Lagrangian approach is freein many cases (e.g-Haag et al.2003ab; Jensen and Pfister
of numerical diffusion. Total mass is exactly conserved be-2004 Jensen et al20053.
tween the gas and aerosol phase in each altitude bin. Aerosol The nucleation, growth, and sedimentation of ice crystals
particles are not allowed to sediment owing to their smallis computed on a particle-by-particle basis (particle-in-cell
(sub-pm) sizes. code), whereby the laws describing depositional growth and
The production of ice crystals relies on the water-activity- combined vertical advection and sedimentation are solved
based homogeneous freezing model for supercooled aerosoler each individual crystal. The altitude and size where
(Koop et al, 2000. The STS particles commence to freeze each ice crystal forms serve as the initial conditions to solve
aboves; values of 1.5, depending dh and on the local wa- these laws, which are integrated with a simple Euler forward
ter activity in each droplet size bin, which is explicitly calcu- scheme. The variables T, p, xw, x» required to compute
lated to allow effects of non-equilibrium aerosol composition the vapor and sedimentation fluxes are linearly interpolated
to be taken into account. Although the APBQ-D allows  to the exact locations of each ice crystal. This method per-
to study the effects of heterogeneous ice nuclei on cloud formits the exact conservation o, and HNQ between the
mation and development, heterogeneous ice nucleation is n@as phase and the ice crystals and eliminates any numerical
considered in this work. diffusion during growth or fall. If an ice crystal evaporates
During freezing of a liquid droplet, solute may be expelled below its initial size, it is removed from the calculation.
to the surface and may even escape to the gas phase. It isice particles are added in each time step in each altitude
assumed that the complete amount of HHN@nd HSOy) bin according to the aerosol freezing or ice nucleation rates.

Atmos. Chem. Phys., 5, 175772 2005 www.atmos-chem-phys.org/acp/5/1757/



B. Kéarcher: Polar cirrus model case study 1761

Liquid particles produce ice particles at their exact size at thel0.5 kcal mol?® is used Bartels-Rausch et al2002; Q is
point of freezing. The altitude at which ice particles form is regarded as a fit parameter, as its correct magnitude depends
randomized within the respective altitude bin. on the choice of the exponential prefactor(taken to be

In order to keep the code efficient, each simulation parti-10*3s1). The trapping model requires independent valida-
cle is associated with/ physical ice crystals. A lower limit tion. The parameteisandd in the trapping model are poorly
concentratiom, is prescribed which determines the num- constrained and need to be fixed by measurements of gas up-
ber A/ of individual ice crystals generated in the simulation. take in growing ice films, as proposed Karcher and Basko
If n; crystals nucleate per ¢hof air in a given altitude bin (2004 their Sect. 5 for more details). Uncertainties arising
per time stepN'=n;/n.. The value of1, is a compromise from the above choice ap will be addressed in Se@.4.
between a good statistical representation of the crystal size There exist two limiting cases of trapping. The key param-

distrubtions and the available computational resources. eterkd /r; describes the effectiveness of escape of molecules
o S _ from the ice surface versus ice particle growth. In the limit
2.4 Nitric acid-ice interaction kd > ;, trapping is controlled by the kinetics at the ice

: . o ) surface, which determines the concentration of trace gas
The interaction of gaseous HN@iith ice is simulated using  mojecules that are subsequently buried by comparatively
a novel uptake model that allows diffusion-limited trapping slowly growing ice layers. Equatiom) takes the form
of molecules to compete with surface kinetic processes, de-

pending on the relative magnitude of the time of adsorptiondN,,
and the ice crystal growth rat&ércher and Bask@004). dt
Experimental evidence exists for the fact that growing . o . )
ice surfaces lead to enhanced uptake of HEitatt et al, whereneqis the equilibrium concentration determined by the
1992 Huthwelker 1999. Very recently, evidence was found balance between the adsorptive fleja,u, /4 and the es-
for significantly enhanced uptake of HN®y growing rel- ~ ¢ape (desorption) fluxegkd. _The difference between these
ative to static ice films (J. Abbatt and M. Ullerstam, per- o fluxes enters the trapping model as part of a boundary
sonal communication, 2005). These new laboratory meaCondition at the moving air-ice interface, and is essentially
surements clearly support the main feature of the trappin quivalent t.o a Iine:?\r (i..e., uqsaturated) adsorption isotherm.
model, namely that trace gases can effectively be taken up ifVhenkd <;, trapping is entirely controlled by the rate of
growing ice particles even at low supersaturations. _dlffu5|or_1 of th_e H_NQ, molecules through the air toward the
The number of HN@ molecules taken up per unit time by IC€ particle, yielding
growing ice particles in the APS@1-D is given by AN
n

dN, dt

Frale 4 r; Dpkiping €(ri, Fi, oy, B, k, d) , (4) S .
In this limit, trapping does not depend on the surface pro-

wherer; is the effective spherical radius of the ice crystals, cesses.
D, is the diffusion coefficient of HN@molecules in air; is For evaporating ice crystals, the flux of HY@nolecules
the capacitance factap; is the ventilation factom, =y, c is leaving each ice crystal is set proportional to theOHlux
the molecular concentration of HNGn the gas phase, ard  times the molar ratio of HN@and HO in the crystal.
is the trapping efficiency. Contrary to equilibrium adsorption  Recent measurements in subtropical cirrus have suggested
isotherms, the amount of trapped molecules in a cloud is ahat nitric acid trihydrate (NAT) might block active growth
non-local quantity, depending on the history of individual ice sites at the surfaces of cirrus ice crystals below 205K, lead-
crystals. This renders a detailed comparison with airbornéing to a perturbed steady-state betweei©H/apor and ice
observations difficult. accompanied by a persistent in-cloud supersaturat&ao (

The trapping efficiency depends on the individual ice par-et al, 2004. As the detailed mechanism by which the ice
ticle growth rate’;, the deposition coefficient,=0.3 (Han-  crystal growth properties are changed by NAT is currently
son 1992 for HNO3z molecules impinging on the ice surface, not known, the potential for this effect to occur in polar cir-
and the escape rateof HNO3 molecules from the ice sur- rus is not investigated here.
face. The second parametéiis tied to the existence of a
surface layer at the moving air-ice interface. It is not dis-
cussed here further. Finally,contains a size-dependent fac- 3 Results and discussion
tor B, =[14+4D,k; /(ctnunri)1~1 (u, is the HNG molecular
thermal speed) interpolating between the diffusion and ki-3.1 Observation and initialization
netic flow regimes.

In the simplest approactx is interpreted as a desorp- Reichardt et al(2002 report observations of a long-lived cir-
tion rate in the forme,wexp—Q/(kpT)]. As a baseline rostratus cloud system detected by lidar over Kiruna, Swe-
value for the latent heat of adsorption on i, a value of  den, in 1997. Its general synoptic-scale development has

~ 4 rizneqr',- , (5)

>~ A4y Dykiping B - (6)

www.atmos-chem-phys.org/acp/5/1757/ Atmos. Chem. Phys., 5, 1732-2005



1762 B. Karcher: Polar cirrus model case study

The number of radius bins over which the lognormal
aerosol number and component size distributions are dis-
cretized is 25, starting at a radius of 5 nm. The bins increase
geometrically in size with a bin volume ratio of 2.25. In to-
tal, 103 (4<25 aerosol + 2 gas + 1 meteorological) tracers
are advected. For plotting purposes, an ice crystal size grid
is defined with 50 bins and a bin volume ratio of 1.75. The
H>0/H,SO4/HNO3 particles have a total number density of
200 cn13, a mean number radius of 0.02 um, and a width of

z, km

s N e 1 v b - o )
480 360 540 285 300 315 210 225 240 0.30.6091.2 10 100 2.3. The results are not sensitive to the specific choice of

K T K . , ppmV
p. mb ®, ’ S Ko PP these aerosol parameters.

The most important feature seenSp(z) in Fig. 1 is the
tongue of moist, supersaturated air centered at 8.5km. As

temperaturel’, and ice saturation rati§;, and inferred profiles of h bel the first cloud ticles bedin to f ight
air pressurg and H,O gas volume mixing ratigr,, used to initial- shown ,e OW_’ € first cloud particles begin to torm rig
above this altitude.

ize the 7 h simulation describing the formation (via homogeneous

freezing) and evolution of an Arctic cirrostratus cloud. The initial ] ] ) )
HNO3 mixing ratio (not shown) is set constant, =1 ppbv. 3.2 Ice supersaturation and microphysical properties

Fig. 1. Prescribed vertical profiles of potential temperat@reir

The evolution of the column-integrated ice crystal number
been studied numerically, with a focus on nucleation path-densities, ice water path, and optical depth (not shown here),
ways (in et al, 2009. The foci of the two complemen- as well as the temporal development of the vertical distri-
tary model studies are thus substantially different from eachyytion of ice water content and ice crystal number density
other. of the Arctic cirrostratus calculated with the AP®C.-D

As described in more detail Hyin et al. (2009, the cloud  agree well with those presented hin et al. (2009. It is
system was associated with a strong northwesterly jet streargncouraging that the two models generally lead to similar
and a surface warm front. While the cloud drifted across theresults for homogeneous freezing in Arctic cirrostratus con-
measurement site, the lidar backscatter data show that its togerning basic cloud microphysical properties, although they
was lifted from 8.5 km to more than 10 km within 7 hours at are conceptually different (size-segregated representation of
an almost constant rate. Values for the updraft speed in thece crystals versus particle-in-cell code) and rely on thermo-
range 4-6 cms! can be estimated from the observed cloud dynamic functions derived from different sources (freezing

top heights. rate coefficients and aerosol vapor pressures). Slightly more
Figurel presents the initial vertical profiles 6f T, andS; crystals form in the present simulation which may be caused

(R.-F. Lin and J. Reichardt, personal communication, 2004) by small differences in the homogeneous freezing rates.

along with the derived pressure and® gas mixing ratio Figure2 shows the ice saturation ratio (left panel, top) and

profiles. To advect the species and drive the formation of thethe ice crystal number density (right panel, top) as a func-
cloud, a spatially uniform vertical wind speedwof=5 cm st tion of height and time. The steady uplift increasgsvhich

is prescribed throughout the simulation which extends overattains its maximum value 1.52 at 216 K after about 1 h at
7h. 8.75km. The fact thas; then declines rapidly at this level

The initial profiles are based on radiosonde data, takenndicates that ice crystals have formed. The region in which
250 km downwind of Kiruna and 2 hours after the cloud homogeneous freezing is active lies within tfje=1.4 con-
formed. ThesS; profile has been tuned hyin et al. (2005 tour line.
together with the imposed vertical ascent rate such that the Crystal concentrations reach values up to 0.4 2mwithin
large-scale cloud development could be reproduced. It i20min in the early formation zone. High; values are
possible that processes controlling the small-scale developtransported upwards and define a rather thin cloud top layer,
ment of the cloud (waves, turbulence, latent heat release) inwhich is characterized by continuous formation of ice crys-
fluence its simulated properties. Uncertainties arising fromtals throughout the simulation. In the rising top laygrjn-
small-scale processes unresolved in the present simulationgeases with altitude up to 0.12 chbecause of declining
will be discussed in following sections. temperatures.

The APS@n-1-D uses a vertical domain extending from 4 Below the initial formation layer, homogeneous freezing
to 11 km, divided into 2100 bins, i.eAz=3.3m. The pres- also occurs but only up te-140 min. The termination of
sure reference altitude is=8.5km. The time step is fixed freezing there is caused by sedimenting ice crystals that
to 2s. The minimum number of ice crystals resolved by thequickly deplete the gaseous@ reservoir in the highly su-
code isn,=5x10"2cm3. The maximum number of simu- persaturated layers through which they fall. Above these lay-
lation particles is about 160 000, with3.5 physical ice crys-  ers, a region exists where a fall streak is visible in terms of
tals per simulation patrticle. n; and whereS; stays close to, but above, saturation (see
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Fig. 2. Temporal evolution of the ice saturation ratio and the moments of the ice crystal size distributions as a function of altitude. Ice
saturation ratiaS; (top left), ice crystal number density; (top right), size-weighted ice crystal number dengity; (mid left), specific
surface area density; (mid right), mean ice crystal effective spherical radipgbottom left), and ice water content IWC (bottom right).
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Fig. 3. Probability distributions of ice saturatia$} taken inside
and outside the cloud as well as the total probability averaged ovehg_ 4. Scatter plot of ice supersaturation relaxation tireas a

the entire computational domain (07 h, 4-11km. The dlstrlbutlonsfunction of n;r;. The symbols are color-coded by the respective

are normalized to the respective total number of data points in each . . .

: ) X -~ _supersaturationg=S; — 1. The data points are representative for
case. The inset enlarges the highly supersaturated tail of the distriz . . )
butions the relaxation phase in and below the fall streak region of the cloud.

the S;=1.1 contour line). Between the top layer and the fall Saturated region, betweegp=1-1.2, indicating that most of
streak, saturation ratios as high as 1.25 build up (8.5-10 knihe ice crystals experience growth conditions.
at 7 h), because the crystals forming above are too small to It is very interesting to note that some crystals survive in
fall into this layer and the early-forming crystals have alreadystrongly subsaturated air, down $=0.35, as seen by the
fallen out of it. left tail of the in-cloud distribution. This can happen because
Then;=0.01 cn1 2 contour line indicates that low concen- large ice crystals need quite a long time to fully evaporate
trations prevail in the regions away from the top layer and theat low temperatures while falling through subsaturated lay-
fall streak. At the cloud base; exhibits a sharp increase, be- €rs. The existence of ice in rather dry air has been demon-
cause crystals fall in already subsaturated air (se§;th®.7  strated in in-situ observations of midlatitude cirr&trém
contour line) and evaporate. The resulting reduction of theirét al, 2003.
terminal fall speed causes the formation of this thin, concen- Finally, the total distribution is a blend of the in-cloud and
trated layer. out-of-cloud parts, and contains both the dry and moist maxi-
Figure 2 also shows the evolution of the productr; ma. The distributions exhibit several salient features, such as
determining the relaxation times of the in-cloud ice super-the dry and moist maxima and the quasi-exponential tails in
saturation as discussed below (left panel, middle) and théupersaturated aiK@rcher and Haag2004), but their de-
specific cloud surface area density (right panel, mid-  tailed shapes depend on the sampling process. TheSpigh
dle). Typical values ford; within the fall streak reach up tails are shown enlarged in the insetin BgThe peaks; in-
to 4000um? cm—3, while the region below the fall streak is side cloud is about 0.05 higher than the maxim§jroutside

characterized by values in the range 5001008 cm3. cloud because of ongoing cooling during nucleation. Such
Values of A; in the cloud top region near the tropopause differences are also seen in freezing chamber measurements
never exceed a few 1Q0m? cm3. (Haag et al. 20033 and in distributions ofS; taken in the

Contrary to the conjecture d&teichardt et al(2002, su- field within and nearby cirrus cloudsiéag et al.2003H).
persaturation with respect to ice occurs at times in this type of The main reasons responsible for the high in-cloud rela-
cloud. This is best illustrated with the help of Fjshowing  tive humidities are (i) the continuous (albeit relatively slow)
the probability distributions of; in the total computational cooling which produces supersaturation in regions where the
domain (4-11km, 0-7 h) as a black histogram, together withice crystal concentrations are low and (ii) the low tempera-
the distributions taken inside (blue histogram) and outsidetures which lead to rather slow removal rates of gasee@ H
(red histogram) of the cloud. on growing ice particles.

The out-of-cloud distribution reflects the initi&]-profile A scatter plot ofe-folding timest for the relaxation of
and the action of adiabatic cooling consistent with the re-the ice supersaturatiof=S; —1 shown in Fig4 supports the
gions void of ice in Fig.2, with a maximum between above discussion of high in-cloud relative humidities. The
S;=0.2—0.4. The in-cloud distribution peaks in the super- relaxation times are extracted from the model every 6 min at
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Fig. 5. Average ice crystal size distributions after 3.5 (left) amd 7 h (right) extracted from the cloud top or formation regions (red), the cloud
base or evaporation regions (blue), and the cloud interior (black). At 3.5h (7 h), the lower and upper cloud boundaries are located at 5.51
(4.69) km and 9.41 (10.23) km.

each vertical level within and below the fall streak (as visible 3.3 Ice crystal size distributions and dehydration
in n;(z, t) in Fig. 2) wheneves; >0 according to

1ds; n\—1 Also shown in Fig.2 are the mean values of the effective
= (; ED () spherical radius; of ice crystals (left panel, bottom) and

. —_ . . . the cloud ice water content IWC (right panel, bottom). At
This definition oft includes both a deposition term (reducing the cloud top, where homogeneous freezing is active, crys-

si In proportion ton;r; in the diffusional growth limit) and a (4 4ji are small (10-30um). They are also small in the
cooling term_(lncreasmg-_m proportion to the updraft_speeq slightly supersaturated fall streak initially, but grow to sizes
w). .It dgscrlbes relaxation toyv_ard a steady-sta.te In Wh'Chof ~80 um towards the end of the simulation. The biggest
cooh_ng is balanced by deposition (see_ Appendix for mo_recrystals (120 um) appear after 3h at rather low altitudes
detall.s). For' a developed, non—evaporatm_g gloud the cpolm%~6 km); these few crystals were produced earliest and could
term is negligible, so thatocl/(nir;), describing relaxation ¢, sufficiently long through the highly supersaturated layer

tovlvaer_ thi equ_|I|br|ur_nh|c; szi;[uragorl.o_s uded below the initial formation zone. They slowly evaporate
n Fig. 4, points with|ds; /dt|<5x are excluded 0\ hije sedimenting further down.

eliminate cases with excessively high The t-values are . .
y g The cloud base is characterized by the sharp decrease of

color-coded bys;. The results show that generally de- is the cloud Ati di ltitud f
creases inversely proportionaligr; in the relaxation phase, i’ as Is the cloud top. At intermediate altitudes, away from

as expected, and ranges between 4-150 min. These ra\thme fall s;reak, the C'OF’d is very tenuous, withvalues of
long timescales are mainly caused by the low temperatures(,)'01 cm = or Iess_ ar_1dr,- In the range 20_6_0 um. Correspona-
and render the high in-cloud supersaturations (0.1-0.3) agwgly, the IWC distribution shows a maximum along the fall
discussed above plausible (red, yellow, and green symbols)':.'treak and around the 6 km level after 3h.

The highest supersaturations (0.4-0.5) only occur prior to ho- A precise knowledge of the vertical distribution of ice
mogeneous freezing (dark b|ue and gray Symbo's) and arérystals as a function Of their Size iS required f0r the use Of
Comparative|y rare events. As a genera| tren,dalues with radiative cirrus models and the improvement of satellite re-
highs; (gray and bluish colors) associated with fresh nucle-trieval algorithms. The crystal size distributions at different
ation events appear over the entire rangal@lf, depending times and locations are quite variable. It is therefore instruc-
on nucleation conditions. For aging clouds increase«s;i-n tive to inSpeCt these size distributions after 3.5 and 7 h aver-
are correlated with decreasessin(red, yellow, and green aged over the cloud top region, the cloud base region, and in
colors), indicative of depositional growth. the cloud interior with the help of Fig.

These findings are in general agreement with results pre- After 3.5h (left panel), at the cloud top, mean crystal
sented bylensen et a[200534 for the case of a subtropical radii peak near 10 um and crystals larger than 40 um are ab-
tropopause cirrus layer developing in similar ambient condi-sent. The distribution extends down to the sizes of the freez-
tions, but driven by mesoscale temperature fluctuations. Iring aerosol particles (0.5—-1 um), indicative of ongoing freez-
particular, high ice supersaturations are only found in homo-ng. Interestingly, this feature is seen in young midlatitude
geneous freezing regions or when ice crystals sediment int¢Schibder et al.2000 and thin tropical cirrusThomas et aJ.
supersaturated air. 2002 ice crystal size distributions. However, difficulties in
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Fig. 6. H>O gas mixing ratioy,, (top left), HNO3 gas mixing ratioy, (top right), HNO; aerosol mixing ratio (bottom left), and HNO
ice mixing ratio (bottom right) as a function of altitude and time. The baseline \@ki#0.5 kcal mol-1 is assumed to describe HNGce
interaction. The amount of HN§xesiding in the liquid particles prior to freezing is retained in the ice phase.

analysing data from optical particle probes for ice crystalscess not included in this model. In contrast to the earlier
with sizes below 10 um do not allow a closer comparison tocloud stage, the cloud base region now also contains a few
be made. The small particles sediment only slowly with ter-um-sized crystals produced by evaporation. The size spec-
minal fall speeds below 360 fh, or below 180 ryth relative  trum there is noisy at the low size end because evaporation is
to the uplift. The cloud base region has received the fewrapid.

large crystals that formed first (see above). In the cloud re- ) . )
gion between top and base, the size spectrum extends from "9Ure 6 gives an overview of the evolution of2® and

20-100 pm; the peak at 30 um belongs to the numerous cryéi”\lo_3 gas mixing ratios (top panel) and the Hj@on-
tals within the fall streak. tent in STS and cirrus particles (bottom panel) expressed in

equivalent air volume mixing ratios. The initial,® pro-
While the situation at the cloud top after 7 h (right panel) file shown in Fig.1 appears to be purely advected prior to
has not changed significantly because homogeneous freezirrus formation, indicating that the aerosol water content is
ing is continuously active, small ice crystals are now absenmneglible compared to total water. As soon as ice forms, gas
throughout most of the cloud interior and the radii range be-phase HO is quickly transferred to the ice phase, as indi-
tween 30 and 100 pm. It is possible that the real Arctic cloudcated by the contour lineg,, =15 ppmv and 65 ppmv. Af-
contained even larger crystals formed by aggregation, a proter 3 h, the 6.5km level also becomes affected, but the air
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Fig. 7. Vertical profiles showing the combined result of sequestration @ ileft) and HNG; (right) in STS particles and ice crystals and

the subsequent sedimentation (in the case of ice) and evaporation of these particles at selected cloud ages. The initial profile af total HNO
is constanty;, (z)=1 ppbv, and gaseoyg, (z) decreases with altitude as shown in FigShown are the differencesy between the actual

profiles of gas phase4® and HNQ and the respective initial profiles advected as passive tracers. The excursions to positraéues

at the lower altitudes show that rehydration and renitrification occurred. The respective evolutions of condensedPhase HNG

are shown in Figs2 and5, respectively. Solid curves correspond to Fgbaseline valugd=10.5 kcal mol-1) and dashed curves assume

0=9 kcal mol-1 mimicking less efficient uptake of HN§Dn ice.

there is moistened again toward the end of the simulatioring in these synoptic-scale ice supersaturated regimrsen
(xw=360 ppmv contour line). and Pfister2004 Haag and Krcher 2004.

HNOs, the initial mixing ratiosy., (z) andy, (z) are advected ~ but smaller ice crystals.. Dynamical variapility atthe scalg of
as passive tracers (no interaction with particles), yieldingth cloud may at least in part be responsible for the multiple
x! (z,1) and x!(z, ). The differenceA x,=yxw—x! then  fall streaks visible in the observed Arctic cirrostratiigef

w ’ n ’ . w . . . . .
describes the affect of ice uptake and sedimentationg H ichardt et al. 2003, but are missing in the present simula-
and is shown in Fig7 at selected cloud ages. This approach tion. Itis not fully clear whether the inclusion of unresolved

describes the potential for dehydration and denitrification todynamical variability reduces the potential of the cloud to
OCCUT. vertically transport HO (and HNQ, see next section) due to

lower ice crystal sedimentation speeds. An increased num-
ber of nucleation events and multiple falls streaks could over-
compensate this effect. To include realistic forcing patterns
(e.g., variations in vertical winds and temperatures on hori-
zontal scales at or below1-10km) is beyond the scope of
fhis study but will be examined in future work.

The H,O profiles (left panel) show clear signs of cloud
formation, starting in the nucleation region around 8.5km
after 1 h. In the course of time, ice water is produced within
an increasing vertical column, until after 4 h,® molecules
evaporate back to the gas phase in the cloud base region. R
calling the absolute D mixing ratios from Fig86, this Arc-
tig: cloud causes a subs.tan_tial drying'of upper tropospherics_4 Nitric acid uptake and denitrification
air, supporting the tentative interpretation of the cause of low
water contents observe_d in the Arctic upper troposphere ang, comparison ofx,(g) and x.(a) in Fig. 6 reveals that
lower stratosphere regioMrphy et al, 1990 Kelly etal,  |itle HNO;3 partitions in STS particles whefi stays be-
1997, Schiller et al, 1999 Pfister et al.2003. low the frost point near the cold tropopaus€a¢cher and

The present work shows that mesocale temperature flucSolomon 1999. Uptake in STS particles becomes relevant
tuations driven by buoyancy waves unresolved in the presentvhens; >1.2—-1.3, which can be seen by comparing the shape
study are not necessarily required to explain persistent inof enhancedy, (a)-values with theS;=1.4 contour line in
cloud supersaturation, but may cause more frequent actiFig. 2. When ice particles form, more HNOnolecules par-
vation of homogeneous freezing by broadening the distri-tition in ice crystals, in particular within the fall streak re-
butions of relative humidity in the supersaturated regionsgion as indicated by, (i). In the course of time, the region
(Karcher and Hagg2004. This is consistent with other into which ice crystals sediment from the cloud top is char-
model studies suggesting that cirrus formation mostly takesacterized by very low HN@gas phase mixing ratios, while
place in synoptic cold pools, but with microphysical prop- HNOs is released back to the gas phase in the cloud base
erties controlled by mesoscale dynamical variability prevail- region where evaporation of ice prevails.
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files are quite dramatic; throughout most of the cloud col-

0.25—T T T T T T T T T T T T T
I STS ! ! ! ! ! umn, gas phase mixing ratios are now reduced by no more
o ce 1 than 0.25ppbv. Consequently, denitrification is much less
0'2__ ] pronounced, reaching similarly weak enhancements below
L i 6 km altitude after 4 h.
0.151— . The main reason for this strong sensitivity on the vertical
s | T distribution of HNQG; is that uptake is neither fully controlled
o1l @=105keaumol ] by gas diffusion nor by surface processes@bwalues in the
L Q=9 kcal/mol e region 8—12 kcal moi® (Karcher and Bask®2004. Under
r the conditions relevant to this study, the trapping efficiency
0'05__ RN switches between the two limiting cases of pure diffusional
L - trapping and trapping of equilibrium surface concentrations
0 -*f-‘r'l";g"""'/"'lgo' ' '2110' ' '3(')0' ' '3('30' L represented by Eqss) and @), respectively.

t, min The following estimates serve to illustrate this point.
The number of HN@ molecules that would escape from
Fig. 8. Column-integrated phase partitioning fractiahef HNO3 a static surface al'=210K is given byk~35(1290 s~ 1
in the liquid ternary aerosol (blue curves) and ice (red curves) parfor 0=10.5(9) kcalmol-L. The more ice layers that are
ticles for the baseline case (solid curves) and the case with less eladded in a given time interval, the less likely it be-
ficient HNO3 uptake onice (dashed CUrVes) for which also a modelcomes for adsorbed molecules to escape from the sur-
run assuming no retention of HNGs shown (dotted curve). face. The number of ice monolayers added per second is
given by#; /(v,0,,)~7 st with the specific volume of pD
molecules in icev,=3x10"23cm?, the maximum num-
In Fig. 7 (right panel), the difference\ x,=x»—x, de-  per of surface sites for water deposition,=105cm=2,
scribes the affect of dissolution in STS particles and ice Up-3nq the standard diffusional growth rate=0.13 pm mir
take and sedimentation on HNOThe HNG; profiles inthe  gyguated at 210 K p=220 hPa,r;=10 um, ands;=0.05.
baseline case (solid curves) likewise show clear signs of UpThis shows that trapping is much less effective for
take in cirrus particles and resulting denitrification, and ren- o_g kcal mol* as the time of adsorption decreases by a fac-
itrification in the cloud base region. The cloud amount suf- 5, o 35/1290~0.03 compared to the baseline case.
fice; to practically partition all available HNQ1 ppbv) i.n Figure 8 depicts the phase partitioning fractiogs of
the ice phase. The amount of H@ken up over aregion LN into STS particles and ice crystals integrated over the
extending from 6-9km within 4h is evaporated within an engjre vertical column (4—11km) as as function of time. For
_only 15 k_m_ thick region at mid-tropospheric levels, increas- poin 0-values, similar amounts of HNgissolve in the lig-
ing the mixing ratios there by more than 150%. uid particles initially, but somewhat more HN@artitions in
A difference to the water uptake is that a significant the aerosol phase whe is lowered and uptake into ice is
amount of HNQ is also taken up by the STS particles prior reduced (dashed curves). Toward the end of the simulation,
to freezing (before 1 h) and throughout the simulations in re-¢ in aerosols starts to increase quite rapidly. This is caused
gions whereT is low and S; is high and void of crystals py the very low temperatures above the cloud teg@5 K),
(above the cloud top and near the cloud edges), consisteRiyoring nearly complete dissolution of HNGNn the STS
with Fig. 6. As soon as ice forms§; (and thus the HN®  particles in the absence of cloud ice (see also B)g. In
vapor pressure) is reduced, driving HylOut of the liquid  the tropopause region, significantly more HjNEn dissolve
solution droplets back into the gas phase, where it is availywhen ammonium is additionally present in the background
able for uptake on the growing ice crystals. The sharp pealgerosol particles, depending on the degree of ammoniation
in the A x,,-curves in Fig.7 marks this transition region, and  (Karcher and Solomori999. In any case, the amount of
is carried upwards by the continuous uplift where it becomesqNO; contained in them would be released back to the gas

more pronounced because of the loWehigher up. phase roughly at the same altitudes as sodfi Hses above
In the trapping model used to predict the HN{Dterac-  the HNQ; dew point temperature.
tion with growing ice crystals (recall Se@.4), the 0-values While for the baseline case trapping in ice becomes more

which mainly determine the time of adsorptiopklare not  important than dissolution in STS particles after 120 min and
well known. The partitioning of HN@in cirrus can be sen- reaches an average level ®20%, this happens only after
sitive to variations ofQ, so it is illustrative to study results 210 min in the case with reduced ice uptake, where less than
obtained with a different choice of this parameter. 5% of the HNQ molecules are associated with the ice phase.
Figure 7 shows almost complete removal of HNO The dotted curve fop in ice has been obtained by set-
from the gas phase in the mature cloud. The case withing the HNG; retention coefficient equal to zero in the
0=9kcalmol1, that is, with shorter times of adsorption, Q=9kcalmol! case, that is, by assuming that the total
is also shown (dashed curves). The effects on the Ipo- amount of HNQ present in the freezing STS particles is
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r9|easedt0thegasphaseand isnotfullyretained in the LN B S e s B s B B e
newly formed ice crystals. (Recall that the other curves
assume full retention.) Here} in ice is slightly reduced 10
and correspondingly more HNartitions in the gas phase.
In contrast, a zero retention coefficient has no effect on
the 0=105kcalmot! result (not shown in Fig8). This [/ /  \lee-—-
is because the HNmolecules released to the gas phase & |
upon freezing are quickly trapped in the growing, newly 102
formed ice crystals, while this trapping is less efficient in
the 0=9kcalmol! case. Hence it may be concluded that | ¥ ¥ _ -1
uncertainties in retention factors only affect species that do
not adsorb efficiently on ice surfaces in cold cirrus. B
Before addressing pending uncertainties, the predictions 104150185 i0— 300565220
of the trapping concept are compared to the more conven- t, min
tional approach of calculating the amount of HN@&ssoci- _ . o ) .
ated with cirrus ice particles by assuming a local equilibrium F19- - As Fig. 8, again with the solid curves representing the
between adsorption and desorption at the surfaces of ice paf2S€!ine case but now on a logarithmic scale. The dashed curves
ticles, but not allowing the amount absorbed to be trapped 2/ been obtained by assuming instantaneous adsorption equilib-
e . . T~ rium of HNOs on ice according to a saturated dissociative Langmuir
durlng ice growth a; if the ice crystals_ stayed at S""tur""t'on1'sotherm, as frequently done in the interpretation of updake data.
This approach mimicks the way most field measurements of
HNOg3 uptake have been analyzed in the past (&gndo
et al, 2003 Ziereis et al. 2004 Popp et al.2004. Sect.2.4), but the initial HNGQ mixing ratio of 1 ppb, corre-
Dissolution of HNQ into STS particles is treated as be- sponding ta(2—3) x10~7 hPa, is high enough for saturation
fore. The remaining partial pressupg, T, and the ice sur-  effects to become important. It is thus necessary to gener-
face area densityt; then determine the amount pertofair  alize the trapping model to include saturated adsorption in
that would be adsorbed in equilibrium at a static surface acorder to properly cover the high pressure regime.
cording t0A;0,@(T, p,), where the choice,=10'"°cm~?2 If trapping of HNQ; takes place near the adsorption-
maximizes the number of available surface sites for adsorptimited regime governed by Eq5), it is possible that in-
tion of HNO; and ® is the fractional surface coverage cal- formation about the form of the adsorption isotherm is “con-
culated from the equilibrium isotherm (see above). Here, asserved” during trapping. This could potentially explain why
in many previous analyses, a saturated, dissociative Lang®-values inferred from measured H§@ontents in ice parti-
muir isotherm determines the functional form@fwith the  cles resemble adsorption isotherms. Much of the scatter seen
same parameters as given Bypp et al (2004, except for  in inferred ® may then be caused by trapped HNGHow-
0, which is set equal to 10.5kcal mdi as in the trapping  ever, a sound comparison with field measurements is only
case. possible after the yet poorly constrained model parameters
Figure9 repeats the solid curves from Figifor the base- have been fixed.
line case, but includes results from the conventional approach
as dashed curves. In the latter case, the am@uwitHNO3 _
associated with cirrus particles reaches only 0.4 % after 7h4 Conclusions
compared to 20 % in the trapping scenario. The increased . .
amount of HNQ in the gas phase leads to an increase ofl?JSIng a relat|\{ely well docu.mented.case st'udy' of a long-
HNOg dissolved in STS particles. These results demonstraté'VEd' geometrically and optically thick Arctic cirrostratus

that without trapping, the amount of cirrus-bound HiNGII cloud as a basis, the processes controlling supersaturation,
be underestimated ’ cloud microphysical properties, and the potential for dehy-

However, the current state of knowledge does not al_drat|on and denitrification of upper tropospheric air have

low robust conclusions to be drawn. Dissociative Langmuirbeen examlne_d with 'the help of a o.ne—dl.mensmn.al cirrus
isotherms may not be appropriate to describe H@sorp- cloud model with explicit aerosol and ice microphysics. The
tion, although they seem to fid-data inferred from cirrus- specific results are summarized as follows.

bound HNG measured in the field reasonably well. Recent 1 - coninuous weak cooling of air in regions with small
laboratory equilibrium studies have revealed that for typi- amounts of ice and slow ice deposition rates of water

; : 7
cal upper tropospheric HN¢partial pressures{10~" hPa), vapor at low temperatures drive significant in-cloud su-
the amount of adsorbed HNGs better described by a non- persaturations over ice.

dissociative Langmuir isothernt{lerstam et al.20095.
The trapping model as employed here is based on 2. Ice crystal size distributions are characterized by high
an unsaturated, non-dissociative Langmuir isotherm (recall number concentrations of small crystals in the cloud top

adsorption equilibrium
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region near the tropopause, broad but highly variable The present case study demonstrates that detailed com-
size spectra in the cloud interior, and mostly large crys-parisons with laboratory measurements of H\i{ptake on
tals in the cloud base region. At and below the cloud growing ice and with suitable field data are required to bet-
base, broadening of the size distribution occurs due taer constrain open parameters of the trapping model. This
evaporating ice crystals. will ultimately lead to a better understanding of the role of
cirrus in determining the budget and vertical distribution of
3. Large ice crystals may survive falling through even nitrogen oxides in the upper troposphere.
strongly subsaturated cloud layers, because they need Finally, the existence of high supersaturations inside and
a long time to fully evaporate at low temperatures. nearby cirrus clouds at the cold tropopause has potentially
important implications for heterogeneous halogen chemistry,
4. Weakly forced, vertically extended polar cirrus clouds as reaction rates on cold STS droplets and ice crystals are
are highly efficient at dehydrating the upper tropo- very large in such conditiond@rcher and Solomqri999
sphere. They could also denitrify upper tropospheric airMeilinger et al, 2003). The vertical distribution of ice crys-
masses efficiently. tal size spectra from detailed microphysical simulations of

) ) _ _Arctic cirrus may help improve calculations of their radiative
5. Low temperatures, high supersaturation ratios over icefqrcing.

and the absence of ice above but close to the cloud top
region causes efficient uptake of nitric acid in back-
ground supercooled ternary solution particles. Appendix: Ice saturation relaxation timescale

The above results stimulate further research in this ared "€ goal is to derive an approximate expression for the re-
and should be considered in the future. laxation timet of s;=S;—1 valid for isothermal and iso-

baric conditions in order to compare it with numerical results
éhown in Fig.4. Starting point is the balance equation for
the ice saturation ratis;, as noted bKarcher and Lohmann

The findings that Arctic cirrus can significantly dehydrate
and possibly denitrify upper troposphere air masses hav
been quantified in a single cloud simulation. However, a
global quantification of these effects and its impact on the(2002:
trace gas budget of the upper troposphere and lowermosgs;
stratosphere ultimately requires either a large number of such;;” = arwS$; — (az +azSHR, (8)
1-D simulations similar to the statistical approach employed

by Jensen and Pfist€2004 or truly three dimensional sim- Wher€ai, az, as are p- and T-dependent constants (with

a1~10"°cm1), w is the vertical velocity, an® is the de-

ulations. =
It is possible that both small-scale dynamical forcings andpoSltlonal growth term
heterogeneous ice nuclei modulate the cloud evolution. g — 47,7, Dy kigiei (S; — 1) = aa(S; — 1) (9)

et al. (2005 point out that the complex small-scale struc-
ture of weakly forced cirrostratus may entirely result from in the diffusion limit which is mostly realized in this study.
the action of ice nuclei when heterogeneous nucleation iglere, Dy, is the diffusion coefficient for HO molecules in
assumed to be the dominant ice formation path. Howevergir, «; is the capacitance factog; the ventilation factor,
small-scale dynamical variability not included in their study ande;=1/a; is the HO vapor number density at ice satu-
will also contribute to the detailed cloud structuktagaig and  ration. Only for small deposition coefficients:Q.1) and/or
Karcher 2004 so that the role of heterogeneous ice nucle-very small ice crystals<€1 um) R would scale in proportion
ation remains unclear. to the cloud surface area densiy.

Further, the present study shows that strong uptake of Using the fact thati3S; <a2, the balance equation can be
HNOj5 in liquid aerosols may occur in cirrus conditions and cast into the form
that this process should be considered in the interpretationys, si
of field measurements. It would be interesting to examine ;= A+ Bsi=A——
the phase partitioning of HN§in the presence of cirrus ice
crystals and ammonium in the background aerosol, as amwhereA=ajw andB=ajw—azas. Growth during relaxation
moniated sulfate particles are capable of dissolving greatefequires thai <0, viz.
amounts of HNQ@ than STS particles under similar condi- 1
tions. Field measurements point towards the presence of inz = dmnr Ded — > 0. (11)
terstitial ammonium sulfate aerosols in polar cirrBetzold niri Dicigi — agw
et al, 2000 Romakkaniemi et al2004. As a first step, an  The cooling ternujw is usually much smaller than the de-
equilibrium study could help isolate parameter regions whereposition term, implying that «1/(n;r;). The scatter of the
enhanced dissolution of HNQOn aerosols occurs, perhaps numericalr-values shown in Figd is caused by the range of
even in the presence of substantial amounts of cloud ice. underlying growth conditions in the relaxation phase.

(10)

7|’
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