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Abstract. We present a parameterization of cirrus cloud for- ice water content (e.g. Lin et al., 2002); in large-scale mod-
mation that computes the ice crystal number and size disels such parameters are either prescribed or computed with
tribution under the presence of homogeneous and heterogex parameterization. Due to the limited understanding of the
neous freezing. The parameterization is very simple to apphysics behind ice nucleation, and the diversity and complex-
ply and is derived from the analytical solution of the cloud ity of interactions between atmospheric particles during cir-
parcel equations, assuming that the ice nuclei population isus formation and evolution, the anthropogenic effect on cir-
monodisperse and chemically homogeneous. In addition tous clouds remains a major source of uncertainty in climate
the ice distribution, an analytical expression is provided forchange predictions (e.g. Baker and Peter, 2008).

.the Iimiting ice nuclei number concentr:?\tion that SUPPresses  cirrys can form by either homogeneous or heterogeneous
ice formation from homogeneous freezing. The parameterizae,ing. Homogeneous freezing occurs spontaneously from
zation is evaluated against a detailed numerical parcel modele yyherature and density fluctuations within a supercooled
and rg_produg:es numerical simulations over a wide range Ofiquid phase (Pruppacher and Klett, 1997); whether it hap-
conditions with an average error 0£:83%. The parameter- ,ens however largely depends on the temperature, droplet
ization al'so compares favorably ag:?unst other formulatlonsvmume’ and water activity within the liquid phase (Chen et
that require some form of numerical integration. al., 2000; Koop et al., 2000; Cziczo and Abbatt, 2001; Lin
et al., 2002). The rate of formation of ice germs by homo-
geneous nucleation has been extensively studied and can be
computed using a number of relationships based on experi-
ments and theory (e.g. DeMott et al., 1994; Khvorostyanov
Cirrus clouds are key components of climate and can havé"md Sassen, _1998; Koop et al., 2000_;_ Tabazadeh et al,
a major impact on its radiative balance (Liou, 1986; Hart- 2000). Most cirrus cl_ouds fo.rm a}t congimons favorable for
mann et al., 2001; Lohmann et al., 2004). They can be af'omogeneous freezing, which is believed to be the pri-
fected by anthropogenic activities such as aircraft emission&'a’y mechanism of cirrus formation in pristine environments
in the upper troposphere (Seinfeld, 1998; Penner et al., 199¢€-9- Heymsfield and Sabin, 1989; Cantrell and Heymsfield,
Minnis, 2004; Stuber et al., 2006;acher et al., 2007), and 2005).

from long range transport of pollution and dust (Sassen et Heterogeneous freezing encompasses a group of nucle-
al., 2003; Fridlind et al., 2004). When studying ice-cloud- ation “modes” (deposition, contact, immersion, and conden-
climate interactions, the key cloud properties that need tosation) in which ice formation is mediated by insoluble solids
be computed are ice crystal concentration distribution, andPruppacher and Klett, 1997) or surfactant layers (Zobrist
et al., 2007) that lower the energy barrier for the forma-
tion of an ice germ. Macroscopically, this can be expressed
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for homogeneous freezing. Aerosol particles that contributeal., 1997; Karcher and Lohmann, 2003). Therefore, param-
such surfaces and undergo heterogeneous freezing are termetérizations of cirrus formation for use in climate models
ice nuclei (IN) (Pruppacher and Klett, 1997); the nature of IN should explicitly resolve the interaction between homoge-
is very diverse and not well understood. They can be com-neous and heterogeneous freezing. Using a simplified ap-
posed of mineral dust (DeMott et al., 2003b; Sassen et al.proach to describe the growth of ice particles and box model
2003), sulfates (Abbatt et al., 2006), crustal material (Zu-simulations, Gierens (2003) obtained a semi-analytical ex-
beri et al., 2002; Hung et al., 2003), carbonaceous materiabression to estimate the limiting IN number concentration
(Beaver et al., 2006; Cozic et al., 2006; Zobrist et al., 2006),that would prevent homogeneous nucleation. Later, Ren and
metallic particles (Al, Fe, Ti, Cr, Zn, and Ca) (Chen et al., Mackenzi (2005) derived analytical constraints for the effect
1998; DeMott et al., 2003a), and biological particles (e.g.of monodisperse IN on homogeneous freezing; these analyt-
Maohler etal., 2007). Sources of IN have been associated witlical constraints are not generally applicable to all cloud for-
long range transport of dust (DeMott et al., 2003b; Sassen etation conditions. Liu and Penner (2005) used parcel model
al., 2003), pollution (Fridlind et al., 2004), and direct aircraft simulations for combined homogeneous and heterogeneous
emissions (Penner et al., 1999; Minnis, 2004). Heterogefreezing cases to obtain numerical fits relativgto 7, V,
neous freezing saturation thresholfis,depend primarilyon  and Njy. Although based on simulations, such parameteri-
the IN size, composition, and molecular structure, as well agzations are limited to the choice of IN type, concentration,
on particle history (Cziczo and Abbatt, 2001 0Ker et al.,  freezing thresholds and assumptions on crystal growth (i.e.
2005; Abbatt et al., 2006). Experimental studies have showrdeposition coefficient) made during their derivation. The first
Sy ranging from 1.1 to 1.5 (e.g. Heymsfield et al., 1998; De- comprehensive physically-based parameterization of cirrus
Mott et al., 2003a; Haag et al., 2003; Archuleta et al., 2005;formation was presented byakcher et al. (2006) in which
Field et al., 2006; Prenni et al., 2007). homogeneous and heterogeneous nucleation are considered.
Field campaign data generally show that ice crystals col-n this scheme, the competition between different freezing
lected at conditions favorable for homogeneous freezing conmechanisms and particle types is resolved by using numeri-
tain a moderate fraction of insoluble material (e.g. DeMott etcal integration to calculate the size and number of ice crystals
al., 2003a; Prenni et al., 2007), which suggests the potenat different stages of the parcel ascent. Although accurate,
tial for interaction between homogeneous and heterogeneouis method may be computationally expensive and does not
freezing during cirrus formation. Therefore, a comprehen-analytically unravel the dependencelf on key IN proper-
sive understanding of ice formation requires a combined theties, like S, andN|y.
ory of homogeneous and heterogeneous freezing (e.g. Vali, This study presents an analytical parameterization of cir-
1994; Karcher and Lohmann, 2003; Khvorostyanov andrus formation that addresses the issues identified above and
Curry, 2004; Zobrist et al., 2008). Modeling studies how- explicitly considers the competition between homogeneous
ever suggest (Krcher and Lohmann, 2003; Khvorostyanov and heterogeneous nucleation. We develop a novel method
and Curry, 2005; Liu and Penner, 2005; Monier et al., 2006)to account for the growth of the heterogeneously frozen ice
that at atmospherically relevant conditions, a single mech<rystals and incorporate their effect within the physically-
anism (i.e. homogeneous or heterogeneous) dominates thsased homogeneous nucleation framework of Barahona and
freezing process. This is largely because IN tend to freezéNenes (2008, hereinafter BN08). The new parameterization
first, depleting water vapor, and inhibiting homogenous nu-explicitly resolves the dependency &f on dynamical con-
cleation before it occurs (DeMott et al., 1997); only if IN ditions of cloud formation (i.e. temperature, pressure, and
concentration is low enough can homogeneous freezing ocupdraft velocity), aerosol number, size, the characteristics of
cur. Thus, IN and supercooled droplets may be consideredN and their effect on ice saturation ratio. To clearly present
separate populations that interact through the gas phase, btie approach used to unravel the interactions between IN and
undergo heterogeneous or homogeneous freezing, respesupercooled droplets, we assume IN are monodisperse and
tively, at different stages during cloud formation (DeMott et chemically uniform. The extension of the parameterization
al., 1997). This distinction may become less clear for hetero+o polydisperse IN (in size and chemical composition) will
geneous freezing in the immersion mode for low concentrabe presented in a companion study.
tion of immersed solid, or, if the solid is not an efficient ice
nuclei (i.e. S, is high, close to the value for homogeneous
freezing) (Khvorostyanov and Curry, 2004; Marcolli et al., 2 Parameterization development
2007); we will assume for the rest of this study that we are
far from such conditions, given that their importance for the The parameterization is based on the ascending parcel con-
atmosphere is not clear. ceptual framework. Contained within the cooling parcel is a
The presence of IN may drastically reduce the crystalpopulation of supercooled droplets externally mixed with IN
concentration compared to levels expected for homogeneouhat compete for water vapor when their characteristic freez-
freezing (DeMott et al., 1994, 1998), creating a potentialing threshold is met. Heterogeneous and homogeneous freez-
anthropogenic indirect effect of IN on climate (DeMott et ing occur sequentially as the parcel water vapor saturation
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ratio over ice,S;, increases during the cloud formation pro- as all other terms in Eqgs. (1) and (2) depend mainlyTon
cess. Homogeneous freezing is restricted to liquid droplet§Appendix A). Equation (3) expresses the impact of IN on
and described using the formulation of BNO8. The IN popu- the fraction of frozen droplets, which results from the redis-
lation can be characterized by its number concentraiipg, tribution of water vapor to IN-frozen crystals, and, the in-
and freezing thresholdy,. Upon freezing, ice grows on the crease in the average size of the homogeneously frozen crys-
IN, depleting and redistributing the available water vapor be-tals due to a longer freezing pulse, which for the pure homo-
tween the homogeneously and heterogeneously frozen crygieneous case (in s) is approximatégl(with Vinmsl?

tals (i.e. IN-frozen crystals) (e.g. Lin et al., 2002; Ren and (Barahona and Nenes, 2008). Both of these effects tend to
Mackenzie, 2005; Ercher et al., 2006). Water vapor com- decreasef. |y relative to f.. When no IN are present, the
petition also affects the size distribution of homogeneouslyfreezing pulse is purely homogeneous gagh=7f.. If f..n
frozen crystals. To account for this competition effect, theis known, the number of crystals in the cirrus clodg, can
change in homogeneous freezing probability due to the presbe calculated as

ence of IN-frozen crystals (i.e. the amount of water vapor

condensed upon IN), and the size of the IN-frozen crystalgVe = Noe N (L — e~ /eIN) 4+ Niy 4

at the homogenous freezing threshold, should be calculated.

Both effects can be directly related to the impact of IN-frozen parcel prior to freezing. The first term in Eq. (4) is the contri-

crystals on the rate of change §f (Barahona and Nenes, .
. . ) ution from homogeneously frozen droplets (Barahona and
2008). A method to represent such interactions is presente ; .
enes, 2008), while the second term is from heterogeneous

below. s
. . freezing.
According to the homogeneous nucleation framework of g

BNO8, the fraction of frozen droplets for a pure homoge-
neous pulse is given by

1/2 3/2
&[k(T)] ! [ _zonSmax ] ! (1) Smaxm is required to findf. v, and can be determined by
pi PNo 7 '(Smax — 1) solving a system of coupled ODEs that express the growth of
where symbols are defined in Appendix A and B. Equa-heterogeneously frozen ice crystals and their impact on the
tion (1) was obtained under the assumption that homogeparcel ice saturation ratio,
neously nucleated ice crystals do not substantially imggct

Where N, is the liquid droplet number concentration in the

2.1 Calculation of the size of the heterogeneously frozen
crystals atSmax

fc =

dwin

up to the point of maximum ice saturation ratio (in reality, — = $; = aVS; — 8 (5)

S; is affected, and is accounted for by adjusting the effective dt

growth parametel” and settingSmax equal to the homoge- dwun  pi T 5 dDN

nous nucleation threshold). el p_aENlNDc,IN i (6)
TheaV Smax term in Eq. (1) represents the rate of change

of S; at Smax. The presence of IN perturt$ax, but Eq. (1) dD¢ )N S =21

can still be applied if V Smax is replaced with the (perturbed) dr T1Dein + Iz @)

rate of change of;, Smaxm (calculated in Sect. 2),
where symbols are defined in Appendix B. Equation (5) ex-
pa [k(T)] Y2 2SmaxIN %2 presses the rate of change of parcel ice saturation ratio, which
fen = E BN, [n T (Smax — 1)} @) increases from cooling (first term of right hand side), and de-
creases from deposition on the growing IN (second term of
where f. N is the fraction of droplets frozen from homo- right hand side). Equation (6) represents the rate of water va-
geneous freezing in presence of IN (Eq. 2 can be formallypor deposition on IN-frozen crystals. Equation (7) expresses
derived using the procedure presented in BNO8). The usghe rate of change of crystal size due to water vapor conden-
of Eq. (2) implies thatSmaxin is almost constant during  sation.
the homogeneous freezing pulse, even when IN are present. Equation (5), evaluated @nax providesSmaxin. If the
This is because, by the time homogeneous freezing occurspitial conditions of the parcel are known, Egs. (5) to (7) can
the IN have reached large sizes (and grow very slowly).he numerically solved, as closed solution of Egs. (5) to (7)

since the condensation rate is proportional to the availablt?s challenging. IfNy ands, are such tha@ —0, then
surface area (which can be considered constant over the Smax
timescale 0fSmay, Which is around 103V s, with v in  Eds. (5) to (7) become very stiff & — Smax, SO even nu-
Ms1), SmaxnACONSL. merical integration of the system becomes difficult.
Dividing Egs. (1) and (2) by parts we obtain, Although a general closed solution to Egs. (5) to (7) is not
possible, an approximation can be derived. Based on numer-
feN SmaxIN 32 ical simulations of Egs. (5) to (7), and examining the impact
. = [ aVSmaJ (3) of IN on S,, andSmaxm, the behavior outlined in Fig. 1
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B is presented in Fig. 1. INn=0 (blue line),x vs. y is
linear and the value of at x=1 (termed Ymax’) is equal to

— 52 (Eq. 9). IncreasingViy is reflected by increase iax
(ymaxlandy,m,lX 2, for green and purple curves, respectively),
in these cases the change in the signydfig. 1, bottom
panel) is related to the onset of significant depletion of wa-

______________________________

_________________________

_____ ter vapor, which impacté>. Smaxin=0 is represented as

ymax=1 (red curves); at this poirf; passes by a maximum at
Smax SO that there are at least two valuesydbr each value

Yinax2

Ymax1 |

S ; of x, one in the increasing branch 6f and the second as
e S; decreases (dashed red curves). Thus=at=1 the func-
: tional dependency betweerandy ceases to be univocal and
dx

Iiml %—w or, I|m 2y =0. Atthis limit, INlmpact L very
y= ’

quickly after freezmg ang changes sign at very low.
Based on the above analysis an approximate mathematical
relation can be obtained betweerandy. Sincex is less

than 1, together Witrﬁ—; L =0, a Taylor series expansion
y=

~.

aroundy=1 gives,

0
_AS,

Sh Y

d?x

y=1

whereK is a positive constant, an@ (y, y2, ...) are higher

Fig. 1. Schematic relation between y, S;, and % order terms that are neglected (the consequences of this as-

sumption are discussed in Sect. 3). Since to zeroth order, the
curvature around the point=1 is constant (equal te K), x

(top panel) is observed: (1) Nin=0 (blue line), therf: Vs i related toy as,x=—Ky%+ay+b (beinga andb integra-
Si is linear andSmaxin=a'V Smax (Ed. 5). (2) If Nin islow  tion constants). Since=0 wheny=0, and, 4£=0, for y=1,

(green curve), IN-frozen crystals affe%f—" only after they  thenp=0, K=%,and

grow substantially large; the resultifghaxn is slightly be-

low its value atS,, S,=aVS),, (shown asSmaxin1). 3) A  Ax =y(y —2) (11)

similar behavior is obtained for highev¥iy (purple curve),
however IN |mpactd more quickly, and a IoweSmaMN

is reached (pomSmaxm 2). (4) If N\y is large enough, then
the deposition rate on the ice crystals equals the rate of coo

whereA:—% is an arbitrary constant. As we desik@andy
to be normalized, we seledt such thate=1 wheny=ymax,
I(Flg 1), orA=ymax(Yymax—2). Substitution into Eg. (11) and

. rearrangin ives

s, —
curve) and corresponds to the inhibition of homogeneous nuY = 1-V1+Ax (12)

cleation due to IN freezing (Gierens, 2003; Ren and Macken-

Zie, 2005).

The behavior outlined above can be described in terms o
the following dimensionless variables,

Equation (12) represents an apprommaﬂoﬁ—%fvs S;i writ-

Een in normallzed form, and expresses the dependency be-
ween d; and S; considering cooling from expansion, and
condensation of water vapor on ice crystals.

_ S; — S ) To find SmaxIN, the rate of water vapor condensation on
ASp IN-frozen crystals atSmax, d’d"% o must be calculated
whereA S, =Smax—Sx, and (Eq. 5); however, due to the coupling between Egs. (6) and
§, — 45 (7), this requires the calculation of the size of the IN-frozen
y= S—dt (9)  crystals atSmax, DmaxiN. Equation (12) combined with
h

Eqg. (7) can be used for the latter, as follows. First, rearrang-

where, $,=a V S}, is the rate of change o; at the instant  ing Eq. (7) and integrating frori, to Smax We obtain
when IN freeze.x represents a normalization &f by the

difference between homogeneous and heterogeneous freeg- (Smax)
ing thresholds, angd represents a normalize§: with re- > — D2 Nt 2Dmaxin—T (D, 1N)= (Si—Ddt (13)
spect to its value a$,. The relation between, y, S;, and £(Sp)

Atmos. Chem. Phys., 9, 36981, 2009 www.atmos-chem-phys.net/9/369/2009/



D. Barahona and A. Nenes: Homogeneous and Heterogeneous Freezing 373

whereF(DOJN):%DfJN + I'2D, N, and D, N IS the ini- ymax=1; the limiting size of the ice crystal®)n, at the max-

tial size of the IN at the point of freezing. In most cases, imum water vapor deposition rate can then be computed from
I'(D,,n) in Eg. (13) can be neglected, since generally Eq. (16) forAS; calculated forymax=1,

DmaxIiN>D, n. From Egs. (8) and (9), and using Eq. (12)

I'> I's 2 2 4
Si = xAS, + Sp (14a) Dlim=—rl+/ <ﬁ> Vs, (5A55+2A5h(5h—1)> (18)
and wherel' (D, n) has been neglected becaug, > D, .
ds: e . _ Equation (18) can be used to compute the limiting number
d_tl = AShE =Sy(1—y) =Sv1+ Ax (14b) concentration of IN that will prevent homogeneous nucle-

ation, Njim, as follows. Since%: S

. , ) =0, Egs. (5) and (6)
substituting Eq. (14a) and (14b) into Eq. (13), gives can be combined to give max

(Smax)

1
2 ;T dDji
Si— Dt = S0 4 BT Nim Dfn ™ = &'V Smax (19)
(S )dt - X P, 2 dt
Sh V14 Ax a
#(5n) . 0 after substitution of Egs. (18) and (7) into Eq. (18)m can
AS,(Sy — 1) 1 be obtained as
: dx (15a)
Sh 1+ Ax aV p, 2 Smax ['1 Dijim + T2
0 Nim = ——— 5 (20)
B pi ™ \ Smax—1 Dj,
integrating Eq. (15a), after substitutidg= ymax(Ymax — 2)
and rearranging, gives 2.3 Calculation off. N
AS* 1(Smavd 1 2AS The set of Egs. (15) to (17) represents a closed system
“h / (S; —Ddt = it that can be used to finfmaxin (hence f. in). Although
Sh G Sk (2 = Ymax) the dependence oDmaxin ON ymax SUJgests an iterative
AS, (3 " procedure for calculation obmaxin, @ faster alternative
[M (S, — 1)} (15b)  (developed below) can be used. Assuming thafaxin is
3(2 — ymax) large enough so non-continuum effects can be neglected (i.e.
substituting Eq. (15b) into Eq. (13), and solving Bfaxn L 10maxIN>T2), EG. (6), after substituting Eq. (7) and set-
. ting S;=Smax, becomes
gives,
dw i T (Smax— 1)
r m\> 2T ASF —= = pZ o 2 NiNDmaxIN (21)
DrmaxiN=—— 2) += b T(Don) | (16) At lsne a2 T
't I'1 ' |aVs, ’

rearranging Eq. (20) , and assumiRgDjim >>T'2, gives
where we have uses},=«V S,. Equation (16) uniquely de- 1
: ; ; Smax— 1 B Y
fines Dmaxin, and represents an approximated solution of = = 2= Niim Diim (22)
the ODE system Egs. (5) to (7), at the point of maximum 1 aVSmax 2 pa

ice saturation ratio in the parcelnax can be computed after  after substituting Eq. (22) into Eq. (21) we obtain
combining Eqgs. (6) and (7) and using Eq. (14b),

dwiN

o aV Smax < NIN DmaxlN) (23)
% = aVSy(1— ymax A s P Nim - Dim
Smax which after substituting into Eq. (7), &8thax gives
pi T (Smax— 1)
=aVSmax— B— 5NN Drznaxn\j e (17) :
Pa 2 " I'tDmaxiN +I'2 Smax IN —1_ NIN DmaxIN (24)
aV Smax Niim  Diim

2.2 Limiting Ny
Equation (24) can be used to determifs‘}eaxm, if a rela-
Besides defining a maximum inS;, the condition tion is found betweemmaxin and Djim. Considering that
% =0, (red curves, Fig. 1) also defines the maximum at Niy=Njim (henceDmaxin=Diim) the surface area of the
congg?lxsation rate that can be achieved right before homogcs¢—,rystal population is the largest (which follows from Eq. (16)
neous freezing is prevented; any increas;égi;iﬁiL beyond this since for allNiy <N“m_' ymax<1) then the total SL_”face area
value implies pure heterogeneous freezing (Gierens, 200301 the crystal population aviy can be related to its value at

Figure 1 shows that this condition is uniquely determined byMim by,

www.atmos-chem-phys.net/9/369/2009/ Atmos. Chem. Phys., 938392009
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Input:p, T, V, a,, acrosol size distribution and
chemical composition, S,, and Ny,

}

Calculate D, fromEq. (18)and N, from Eq. (20)

Yes
fc,m:O; N, =Ny
No
Calculate § vs 1| Nu " ;=P k][ 2078, "
e B o BN, AT D

. 3/2
. _ Snnx_ IN < 4
Calculate: /.y = /. { VS,

}

_fC.L’V _fc IN
N, =N,e ' (1= ")+ N,

Fig. 2. Parameterization algorithm.

NinDZaxin+ Niim —Nin) (Diim—Dmaxin)?=Niim D, (25) 2.4 Applying the parameterization

which after expanding the quadratic terms and rearrangingyhe application of the parameterization is outlined in Fig. 2.
gives, First, Djim is computed from Eg. (18) and used in Eq. (20)
Nin DrznaxIN — 2Djim DmaxIN tp calcu_lateN”m; if ]\_f|N > Niim then f. n=0. _|f NN <Njim, _
N = > > b (26) Sm_axlN_ is then obtalne_d from Eq. (29), _whlch_ after substi-

fim Dijm lim ~max IN tution into Eq. (3) (using Eq. 1 to obtaifi.), gives f.n.
typically, by the timesS; reachesSmax ice crystals have Equation (5) is used then to calculaég from combined het-
grown to sizes comparable jim, i.e. DmaxiN~Diim, and erogeneous and homogeneous freezing.
Eq. (26) can be approximated as,

2

NN Dhaxin 27) 3 Results and discussion
Nji D2
" ) fim ) ] ) The parameterization was evaluated against the numerical
Equation (27), when introduced into Eq. (24) gives, parcel model developed in BN08, modified to include the ef-
gmaxlN Nin ( Nin 1/2 fect of IN (by allowing the deposition of water vapor onto
= - (28)  the IN whens; exceedsS)). The performance of the param-
aV Smax Nllm Niim . . . "
eterization for pure homogeneous freezing conditions was
which can be solved fafmaxn as, discussed in BNO8, so the evaluation here is focused on the
competition between homogeneous and heterogeneous freez-
Nin \¥? ing. The conditi d for evaluati d a wid
SN = oV Sma | 1 — IN 29) ing. The conditions used for evaluation covered a wide range
max Niim of T, V, aq, S, and Njy (Table 1) for a total of 800 simu-

lations; initial p was estimated from hydrostatic equilibrium
Smaxin calculated from Eq. (29) can then be used into Eq. (3)at 7;, using a dry adiabatic lapse rate. For simplicity,was
to find f.in. The restriction thaSmaxin>0 for all cases  assumed to be the same for the homogeneously frozen and
when homogeneous freezing is not prevented (e.g. Fig. 1)N-frozen ice crystal populations (although this assumption
implies thatf, =0, if Nin>Niim. can easily be relaxed).
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Fig. 3. N, vs. Ny for all simulation conditions of Table 1. Lines represent parameterization results and symbols correspond to parcel model
simulations. Symbols are colored By, being 1.1 (blue), 1.2 (yellow), 1.3 (red), and 1.4 (bladk)is equal to 0.04, 0.2, 0.5, 1, and 2 m's
from bottom to top lines in each panel, respectively.

3.1 Evaluation against parcel model Table 1. Cloud formation conditions used in evaluation.

Figure 3 present®/, versusN|y using the parameterization Property Values

(lines) and the parcel model (symbols), for all the simula-

tions of Table 1. At lowN)y (~ less than 10%cm™3), the To (K) 1 215,230

impact of IN onN, is minimal andN, is close to the ob- V(ms™) 0042

tained under pure homogeneous freezing. My increases id ] gé 1.0
g.dry :

to about OlNjm, IN considerably impactV., so thatN, _a3
. . N, (cm™2) 200

reduces proportionally t&v;y up to the prevention of ho- D, g (M) 40
mogeneous nucleation afjy=~Njim, at which a minimum Shg’ y 1.1-1.4
N.=Nijim is reached. WheMV is greater thawvji,,, freezing NiN/Niim 0.01-3
is only heterogeneous and.=NN. Figure 3 shows that at
high V and lowT', large concentrations of INjim ~1 crm—3)
are required to impact homogeneous freezing, which is con-
sistent with existing studies (e.g. DeMott et al., 1997); given
that high Ny are rare in the upper troposphere (e.g. Gayetpoints where homogeneous nucleation is prevented, as both
et al., 2004; Prenni et al., 2007), our results are consistenthe parameterization and the parcel model pretficE N
with current understanding that homogeneous nucleation igj.e. fean=0 Eq. 29). Including these points in the analysis
the primary freezing mechanism at these conditions. would bias the error estimation towards low values. Omit-

Overall, the parameterization reproduces very well theting points whereV.=Ny (i.e. where homogeneous freezing
parcel model results (Fig. 3), and clearly captures the effectioes not occur), the average relative error for the calculation
of Njy on N.. When calculating the error between parcel of N, using the parameterization with respect to parcel model
model and parameterization, care should be taken to excludeesults for all the runs of Table 1, is about83%. The
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0-20 I~ 200 from homogeneous nucleatiomS;,, which is dependent
— N, T=215K i on Smax (Eg. 18), may be in error and bias the calcula-
1 Tl T M T 20K [ tion of Djim (henceNjm). This is shown in Fig. 4, which

0.15 —ee Dy T 230K 1% presentsDjim (dotted lines) anaViim (solid lines) as a func-

tion of Sy, for T=215K (Smax=1.51, blue lines) an@=230 K
(Smax=1.46, black lines). At lowS;, (AS,>0.1), D)y de-
creases almost linearly witl§;,. For AS;,<0.1, the de-
pendency ofDjy, on S, changes so thaDjy—0 when
Sp— Smax. As a result, forAS,>0.1, Njim is almost linear
in S, (Eg. 22) and insensitive to small errors $thax. AS
Sn— Smax: Niim increases steeply and becomes very sensitive
to errors inSmax. This is strongly evident fof =230 K when
S,>1.4 (Fig. 4). At these conditiong\ S, <0.06, the param-
eterization becomes very sensitive to the valug.gfk (Fig. 3
for S,=1.4 andT=230K, i.e. black lines and circles), and
Fig. 4. Njim Vs. S), (solid line) andDjim vs. S, (dashed line) for ~ te€nds to overestimat®iim because the parameteriz&glax
v=0.2ms1 «;=0.1. is below Smax reached in the parcel model simulations. This

effect is more pronounced at high (Fig. 3) asSmax tend

to reach high values at such conditions. The overestimation
small value of the error indicates no significant systematicin Nim at S;=1.4, however, is less pronouncedZat215 K
biases in the parameterization over the broad range of conFig. 3 upper panels); for these conditionsy >0.1, so the
ditions considered. Still, some overprediction is foundvat ~ parameterization is insensitive to the errofSirax. It is also
atvV=2ms1, and a slight underprediction &=0.04ms? noticeable that at low (<0.2 ms1) the parameterize§hax
and7=230K. The former bias is not critical as such high  does not introduce significant errorsifim.
are typically not encountered during cirrus formation. The Another potential source of error in the parameteriza-
latter can be attributed to the inherent error of the homogetion lies in neglecting the higher order terms in Eq. (10),
neous framework of BNO8 (28%), as a much better agree- 0(y, y2, ...). Because of this, Eq. (12), will not predict a
ment is obtained iff. (homogeneous) is replaced with the change in the sign of (e.g. green line, Fig. 1), and cannot

(urt) “ieg

0.10 4

Ny em®)

0.05

0.00 —

numerical solution. describe the time “lag” before appreciable condensation rates
_ are achieved upon the IN and the impact of ice crystals on
3.2 Understanding sources of error 43 pecomes significant. Since Eq. (12) predicts an instan-

. o taneous effect of IN o>: (e.g. red line Fig. 1), neglecting
Discrepancy between the parameterization and the parce (v, y2. ... become less important when the impaciVa
model originate from (i) assumptions made in obtaining yd,Sl_y P P

Eq. (29), which determines the shape of the cuvgsrs. O ar > the h'gheSt’_"eMN:ZN”m' Moreover, the error
Nin, and, (ii) from errors in the calculation ®fiim, Eq. (20), !ntroduced by neglectl_ng)(y, y4,...)isin general not crit-
which determines the minimum,. The relative contriby- €@l to calculatef, v, since at lowNiy the impact of IN on
tion of each source of error can be assessed by calculafloMogeneous nucleation is small.
ing the average difference iN, between the parcel model ~ Some bias may also be introduced wh®nis low. At
and the parameterization, normalized by the correspondinghese conditions, recently frozen crystals are exposed to low
N. (from parcel model results) obtained from pure homoge-Si therefore grow slowly, so even Ain=Niim there is a sub-
neous freezing (i.eN, for Nyy—0, Fig. 3); which is about stantial time lag before they can impact ice saturation ratio.
14+10% for all simulations of Table 1. This suggests that Since Eq. (12) does not account for thi%n is slightly over-
most of the discrepancy between parameterization and parc@redicted andvim underpredicted (e.g. Fig. 3). This “growth
model results occurs at loiV, (N close toNim), therefore,  lag” effect is even stronger at lo® and lowa, since con-
most of the error in the parameterization should result fromdensation (growth) rates are further decreased. This is seen
the calculation ofVjim. This is supported by the simulations in the slight underprediction of the parameterization shown
in Fig. 3, which show that the shape of the parameterived in Fig. 3 atS§,=1.1 and7'=215K (upper panels, blue lines
vs. Ny follows well the parcel model results, and discrep- and circles).
ancy between the parameterization and parcel model mainly
originates from slight “shifting” inVjim,. 3.3 Evaluation against other parameterizations

Potential sources of error in the calculationyf, can be
identified by analyzing Eq. (20). Firs§max has been as- We first compare the new parameterization against the for-
sumed to remain constant during the homogeneous pulsenulation of Karcher et al. (2006, K06). K06 was devel-
Although this is a good approximation for computing oped for a polydisperse aerosol distribution, but it can be
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compared against the new parameterization provided that

Smax> Sy (for such conditions, the polydisperse population ] K06 This Work
with a single freezing threshold can be well approximated 104 T°(1K’ 210 230 210 230
by a chemically uniform and monodisperse IN with freez- 1 M5 g o — .

ing thresholdS;,). Simulations are carried out f@,=210K, 0 0 0 — ---

230K, p=22000Pa, and;=0.5; Njy was setto 1, 5, and

30 11, and, S, to 1.3. Results for KO6 were obtained from 2 ]
Karcher et al. (2006). Figure 5 shows the comparison be- : 0.1
tween the two parameterizations; both formulations agree
remarkably well. Slight discrepancies between the param-
eterization and K06 are found #;=210K andN;y=1 and 0.015
51-1, which is explained by the differences in the homoge- ]

neous scheme of BNO8 and K06, as analyzed in Barahona

0.001

and Nenes (2008). For very oW (<0.03m s 1), Smax<Sh, 3
and, comparison against K06 is not possible. Such conditions seregt oz 3 dsersel 2 5 45678
require a polydisperse formulation, and will be addressed in V(ms)

a companion study.

Finally, we compared Eg. (20) to the expressions providedFig. 5. Comparison of new parameterization (lines) against the for-
for Njim by Gierens (2003, G03) and Liu and Penner (2005,mulation of Karcher et al. (2006) (symbols). Simulations shown are
LP05). LPO5 (Fig. 6, green circles) is based on detailed parfor 7,=210K, 230K, p=22000 Pa, andy;=0.5. N|y was set to 1,
cel model simulations and resolves the dependenay;gf > and 301, and,s), to 1.3.
onT andV. GO3 (Fig. 6, stars) uses a semi-analytical ap-

proach, where box model simulations are employed to fit the ) ) -
time scale of growth of the ice crystals; it resolves explic- fion equations for a cloud parcel, an expression relaffig

itly the dependency oNjim on T, V, S, and p. Figure 6 (0 Si was found, and used to calculate the limiting size of
presents the results of the three expressions as functidhs of the ice crystalsDiim, and limiting concentration of IN that
(left panel,V=0.1 ms1) andV (right panel,7=215K), and ~ Would prevent homogeneous nucleatidiiy . These two pa-
S,=1.3 (blue) and 1.4 (black). Equation (20) is presentedrameters were employed to obtain a simple, yet accurate, ex-
in Fig. 6 for wy=0.1 (dashed lines) and 1 (solid lines). At Pression to account for the reductiondj¥ due to the pres-

a givenV (Fig. 6, left panel),Nim decreases almost expo- €Nce of previously frozen crystals which, when incorporated
nentially with increasingl’. The difference betweenv;,  Within the physically-based homogeneous nucleation frame-
predicted by GO3 and Eq. (20) is the largesTaR00K, but ~ Work of Barahona and Nenes (2008), allows the calculation
is minimal at7=230 K. The convergence at highis likely ~ Of the number of crystals produced when heterogeneous and
from the large crystal size attained, which implies that theNomogeneous freezing mechanisms compete for water vapor
mass transfer coefficient is consistent with the approxima-during cirrus cloud formation.

tion taken in GO3 of neglecting kinetic effects. LPO5 predicts Previous work, using numerical parcel simulations, de-
Niim about one order of magnitude lower than Eq. (20), po-termine “heterogeneously-dominated” and “homogeneously-
tentially because they included both deposition and immerdominated” regimes and correlate them with cloud forma-
sion freezing in their simulations; deposition IN would act as tion conditions ¢, 7', and P). However, it was demon-

a second population (with differer, and Nyy) that would strated that at conditions where homogeneous freezing typi-
compete for water vapor with the existing crystals lowering cally dominates (i.e., higlv and lowT’), ice crystal forma-
Niim. Equation (20) cannot currently represent such a caselion can be affected by IN, provided thaify is high enough.

but can be expanded to include it and will be the subjectThus,V and7 cannot uniquely define heterogeneously and
of a future study. At fixed’', GO3 and Eq. (20) predict a homogeneously-dominated regimes, and, parameterizations
Niim~V 32 dependency (Fig. 6, right panel). LP05 shows a Using such approaches are inherently limited. It was shown
higher order dependency, likely due to the effect of deposi-that the contribution of each freezing mechanism to crystal

tion IN depleting water vapor. number concentration, depends only %ﬁ;— By provid-
ing an expression faN;im, the need for defming “dominant”

regimes of ice formation is eliminated.
4 Summary and conclusions When evaluated over a wide range of conditions, the new
parameterization reproduced the results of the detailed nu-
We developed an analytical parameterization for cirrus for-merical solution of the parcel model equations, with an
mation that explicitly considers the competition between ho-average error of £33%, which is remarkable low given
mogeneous and heterogeneous nucleation. Using functionghe complexity and nonlinearity of Eqs. (5) to (7). The
analysis of the crystal growth and ice saturation ratio evolu-new parameterization also compares favorably against other
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020 Ix e LPO5 43
1% ¥ G03,5,=13 E
1z X G03,S,=14 E
0.15— * Eq. (20): 33
o 1 i* — 5,=13.0,= 1.0 -
g 10N Ex — 5, =14,0,,=10 CE
< 010, N % < 23
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Fig. 6. Njm vs. T at V=0.1ms1 (left panel) andNji,, vs. V at T=215K (right panel), calculated using the parameterizations of
Gierens (2003, G03), Liu and Penner (2005, LP05), and Eq. (20).

formulations (which require numerical integration). The ap- with 7' in K.

proach presented here overcomes common difficulties inin- ¢ s obtained by solving (Smax)=106s~2 m=3 (Koop
cluding the competition between homogeneous and hetercgt a)., 2000), using the analytical fit of Ren and Mackenzie
geneous modes in large scale models. In this study we ag00s5).

sumed a single type, monodisperse, chemically uniform, IN

population. Multiple IN populations and freezing modes that

reflect cirrus formation for atmospheric relevant aerosol is

the focus of a future study. Even though much work still re- Appendix B

mains to be done on the prediction of IN concentrations and

freezing thresholds, this work offers a computationally efy it of symbols

ficient and rigorous approach to include such knowledge in

atmospheric and cloud models, once available.

A ymax(Ymax—2), defined in Eq. (11)
o gAHYMw_gMa
Appendix A ", RT2  RT
M,
A summary of parameters developed for the BNO8 parame- B ng

terization is provided here. The effective growth parameter Water vapor to ice deposition coefficient
in Eq. (1) is defined as

cp Specific heat capacity of air
Dc,smax g . .
f o aDe in (F2+Fch,3max> AH; Specific heat of sublimation of water
Do S W W bk LAY N D¢ smae  EQuivalent diameter of the largest
De,smax—Do 1 Pt Desmax—Do homogeneously frozen ice particleSatax
wherey=1.33, andD, s, is the maximum size reached by D« \Volume sphere-equivalent diameter of an
the homogeneously nucleated ice crystals, given by ice particle
D, Volume sphere-equivalent diameter of an
o 14 12 c,IN p q
Doy = mm{ (1.6397x 107147 — 3.1769x 10712 IN-frozen crystal
V‘O'OS(NOD; dry)_0'373; 10_4} (A2) Dy ay  Geometric mean diameter of the dry

aerosol size distribution
with Visinm s, Tisin K, N, in cm=3, andDg gry in m.
The parameter, k(T) in Eq. (1) is defined as
k(T)="U$0//Gmad]  For the purposes of this study ~ Dmaxin  Equivalent diameter of the IN-frozen ice
we fit k(T) o the data of Koop et al. (2000) for between crystals atSmax

10% and 162m—3s1:

Diim Limiting size of the IN-frozen crystals

D, Average diameter of the supercooled liquid
k(T) = 0.0240T2 — 8.035T + 9340 (A3) droplet population
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Dy, N
D,

ASh
AS}

Jer Je N

=

I'(Do,IN)

'y

Smax

Sh

SmaxIN

S

Initial size of the IN at the point of freezing
Water vapor diffusion coefficient

Smax — Sh

Growth integral defined in Eq. (15)

Fraction of frozen particles a&nax with
and without IN present, respectively.

Acceleration of gravity

Effective growth parameter defined in
Eq. (A1)

%DSJN +F2D0,|N

pi RT AH;p; AHsMw_l
2D, My, " kaT RT

pi RT 2nMy, 1
2pf My, RT a4

Curvature constant defined in Eq. (10)

Homogeneous freezing parameter defined

in Eq. (A3)

Thermal conductivity of air

Molar masses of water and air, respectively

Ice crystal number concentration

Number concentration of the IN
population

Limiting NN that would prevent
homogeneous nucleation

Number concentration of the supercooled
liquid droplet population

High order terms in Eq. (10)
Ambient pressure

Ice saturation vapor pressure

Ice and air densities, respectively
Universal gas constant

Water vapor saturation ratio with respect
toice

Maximum ice saturation ratio;
homogeneous freezing threshold

Freezing threshold of the IN population

Rate of change of; at Smax with IN
present

Rate of change of; at S,

Temperature

www.atmos-chem-phys.net/9/369/2009/

T, Initial temperature
t Time
%4 Updraft velocity

win  lce mass mixing ratio of the
heterogeneously frozen crystals

x,y Dimensionless variables defined in
Egs. (8) and (9)

Ymax Value ofy atx=1
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