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Abstract. Large cloud condensation nuclei (CCN) (e.g., cloud parcel (e.g., Abdul-Razzak and Ghan, 2000; Cohard et
aged dust particles and seasalt) cannot attain their equilibal., 2000; Nenes and Seinfeld, 2003; Fountoukis and Nenes,
rium size during the typical timescale of cloud droplet acti- 2005; Ming et al., 2006). Depending on the formulation,
vation. Cloud activation parameterizations applied to aerosokffects of the aerosol composition (e.g., Abdul-Razzak and
with a large fraction of large CCN often do not account Ghan, 2000; Fountoukis and Nenes, 2005), adsorption acti-
for this limitation adequately and can give biased predic-vation (Kumar et al., 2009), mixing and entrainment (Bara-
tions of cloud droplet number concentration (CDNC). Here hona and Nenes, 2007), and mass transfer limitations on
we present a simple approach to address this problem thatroplet growth (Fountoukis and Nenes, 2005; Ming et al.,
can easily be incorporated into cloud activation parameteri-2006) can explicitly be accounted for.

zations. This method is demonstrated with activation param- |, accordance with Ehler theory, cloud condensation nu-

eterizations based on the “population splitting” concept of ¢jej (CCN) activate into cloud droplets when the ambient su-
Nenes and Seinfeld (2003); it is shown that accounting forpersaturation is above the global maximum of their equilib-
large CCN effects eliminates a positive bias in CDNC wherejym curve (termed “critical supersaturation”) and sufficient
the aerosol dry geometric diameter is greater than 0.5 UMyime is allowed for their wet size to exceed their critical diam-
The method proposed here can also be extended to includger (Seinfeld and Pandis, 1998). Most often, the timescale
the Wate_r vapor depletion from pre-existing droplets and iceq¢ equilibration of CCN (up to the point of activation) is
crystals in global and regional atmospheric models. shorter than the rate of change of supersaturation in ambient
clouds; this gives rise to the assumption that CCN instanta-
neously equilibrate with their environment. However, droplet
1 Introduction growth may be subject to a variety of kinetic limitations, one
of which is the so-called “inertial mechanism” (Nenes et al.,

Cloud droplet activation is the direct microphysical link be- 2001). Due to their large dry size, inertially-limited particles,
tween aerosol and clouds, and its accurate description is eglthough having very low critical supersaturation, cannot at-
sential for studying aerosol indirect climate effects. Sophis-tain their critical size within the timescale typically associ-
ticated parameterizations are currently used for describingited with activation in clouds. Despite this, such particles are
activation in global circulation models, based on solutionscomparable in size to strictly activated droplets and can still

to the coupled mass and energy balance for a Lagrangiaﬁontribute substantial amounts of liquid water content (LWC)
and surface area, particularly in polluted clouds where the su-
persaturation is very low (Charlson et al., 2001). Therefore,

Correspondence toA. Nenes assuming that all droplets exceed their equilibrium size at
BY (athanasios.nenes@gatech.edu) the point of maximum supersaturation tends to overestimate
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their liquid water content and surface area (Chuang et al.heat capacity of aip* (T) is the water saturation vapor pres-
1997; Nenes et al.,, 2001); parameterizations that neglecsure (over a flat surface) &t p is the ambient pressurgf,,
these kinetic limitations underestimate cloud droplet numberand M, are the molar masses of water and air, respectively,
concentration (CDNC) (Phinney et al., 2003). and R is the universal gas constant. Homogeneous mixing

Including the contribution of inertially-limited CCN in of dry air is accounted for by using a fractional entrainment
cloud droplet activation parameterizations is not trivial. rate,e, (for an adiabatic parcel, mixing effects are negligi-
Ming et al. (2006) proposed the usage of a s.emi-.empiric.alme, ie.,e=0); ec~a|(l—RH)— AHUAZ/IW (T—T’) - s
power law to express growth; although effective, its appli- the critical entrainment rate at Whi(th supersaturation is no
cation in existing parameterization frameworks may not be b

straightforward. Nenes and Seinfeld (2003) used the Con[onger generated in the parcel (Barahona and Nenes, 2007)

cept of “population splitting” to differentiate between parti- and RH is the ambient relative humidity. The maximum su-

cles that activate and those that are inertially-limited. Thepe\r;ﬁ;unr"?g?nesméé;j ;?ano];rg?nﬁ% lt).nby tze(tjt:ggiié t_nO'mber
approach of Twomey (1959) is used for the latter, which ,y, at the go'nt of Maximum s Ielrjslatg ration Pn theuclo d
works for most atmospheric aerosol and presumes the size ofr’ pol Ximum sup uration i u

droplets at cloud base is negligible compared to the growtrScent is denoted a5t |, » @nd computed using the param-
experienced up to the level of maximum supersaturation ineterization of interest. When inertially-limited CCN domi-
the cloud (e.g., Twomey, 1959; Nenes and Seinfeld, 2003)nate%Y, then droplets do not substantially change size from
This assumption is subject to increasingly-large error as the&loud base to the level afmax; the condensation rate in
dry particle size increases and can lead to significant underthis limit is denoted as%Y|,,. When both activated and
estimation in droplet size and surface area if giant CCN ardnertially-limited CCN contribute to condensatidt’j;‘—’ at the

present. Under such conditions, the condensation rate of wggoint of maximum supersaturation can be written as

ter vapor is underestimated, which leads to overestimation;w  ;sw dW
in maximum supersaturatiosyay, and droplet number (e.g., Al T ar 2
Barahona and Nenes, 2007; Kumar et al., 2008). te ps

This work proposes a new approach to account for the con—dd—"t" ;. can be computed from the liquid water content at

tribution of initially-limited CCN to the condensation surface cloud base in equilibrium with the aerosol particles that
area in the water vapor balance equations. The application ofvould eventually become droplets, i.e.,
this method does not require reformulation of a parameteri-

zation, and is illustrated using the parameterizations of Nenes T puw r 3
and Seinfeld (2003) and Fountoukis and Nenes (2005). Wlie = 6 pa / Dpn(InDp)dInD, ®)
INDpmin
o . wheren (D)) is the droplet size distribution, amfd, is their
2 Development of inertial effect correction size at saturation. If the aerosol is assumed to follow classical
Kohler theory,D, can be shown to be,

Every physically-based droplet formation parameterization
conceptually consists of two steps, one involving the deter-Dp - ié (4)
mination of the “CCN spectrum” (i.e., the number of CCN 335

that can activate at a given level of supersaturation computegihere A = 22Mu | is the surface tension of the droplet

. . . . — RTpy
by e.g., Kohler or adsorption activation theory) and one de- 5t saturation, and. is the droplet critical supersaturation.

termining the maximum supersaturatiohax, that develops — p . in Eq. @) is the equilibrium diameter, at saturation, of

in the ascending parcel. The droplet number concentration ighe smallest particle that activates (i.e., for whighe sma),
then just the value of the CCN spectrumsatx. The super- i.e., Dpmin= A

2 A
saturation in the ascending parcel is determined from (Sein- ., . 3]/5 slmax king the ti vative of
feld and Pandis, 1998; Nenes and Seinfeld, 2003; Barahona 7dr lie is calculated taking the time derivative of EG)(

and Nenes, 2007), assuming that the droplet growth rate is given§§yi = g—‘;
(e.g., Nenes and Seinfeld, 2003) and the diameter does not
ds —av(1=£)— yd_W (1)  change between cloud base afgx,
dt ec dt
oo
where 4 is the rate of condensation of liquid water onto —~| = E,O_GS Dyn(InDp)dInD), )
the drops,V is the updraft velocityx = g]c‘i";fﬁ“ — &Me e “ nBymin
) .
y = pr%‘h + Af‘”ﬁ;é“ . AH, is the latent heat of vaporiza- With A
w P
tion of water,g is the acceleration due to gravit§j,and 7’ G= T N7 N"SY (6)
are the parcel and ambient temperature, respectivgig,the p.;(pT"; DI i, + ka”{) = ( T 1)
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wherek, is the thermal conductivity of air, anf, is the For a sectional aerosol representation,
water vapor mass transfer coefficient from the gas to droplet
ANy, AN,
phase corrected for non-continuum effects, computed as sug- ~ (13)
gested by Fountoukis and Nenes (2005). |”d = AlNdy,  INdy g,

2.1 Calculating the wet size distribution of inertially- v_vhereANm is the number concenErann ,,Of par‘ncles ,!n sec-
limited CCN tionm, and,ds ,, andd; ,,—1 are the “upper” and “lower” dry
diameters of the section, respectively (Nenes and Seinfeld,

Expressing the critical supersaturation in terms of the dry2003). Substituting Eqs7] and @) into Eq. (L3) gives

aerosol properties, Egd) can be expressed in terms of the dNgs _ AN, AN,
dry size d,, as = = (14)
dinD, AInD,,, InD,,—InDp,,_1
1/2
B . . .
D,= <Z) df’/z 7) whereD,, ,, and D, ,,_1 are the droplet diameters in equi-

librium with d, , andd; ,—1, respectively. Substitution of

-1 . Eqg. (14) into Eq. ives,
whereBz—Sj;Z’Z;f (;—+1;—9) , vis the effective van't Hoff a- (41 g. 6) gives

factor, ¢ is the mass fraction of soluble material, andand aw| 7w py g ANy,
GSmax Z p.m

pu are the densities of the soluble and insoluble fractions of "4 i T 2p AInD, ,, AInDpm (15)
the dry particle, respectively. Using Ed)( the wet size m=imax
distribution at saturation can be expressed in terms of the dryvhere neec is the total number of sections and, ,,
size distribution as is averaged within sectiom:, and imax iSs the section

| dNy dN; dind;, 2 dNy 8 that containssmax.  Defining the average droplet di-
n(inDp) = dinD, = dind, dinD, ~ 3dInd, ®)  ameter atnthe limit where all are kinetically limited as

- sec
o0 Dy=% > D ~AInD, ,, the condensation

whereN; = [ n(Dp)d D, is the droplet number concen- ? ! m=imax m AInD mm

_ D, min rate 4% dt ;. for sectional aerosol can also be expressed in the
tration. . form of Eq. (L2).

For a lognormal aerosol representation,

T 2 .
Z In (df/dgv') 9) 3 Implementing inertially-limited CCN effects:

dlnd \/2;1 Inol 2In%o; demonstration for “population splitting” activation

. . frameworks
whered, ;, o; are the geometric mean diameter and standard

deviation of mode, respectivelyy,, is the ”“”.‘ber of I(_)g- Using the “population splitting” approach of Nenes and Se-
normal modesN,, the total aerosol concentration, aivg is infeld (2003) dd_w atsmax Can be written as the sum of two
' dt Ips

the aerosol concentration of mode Substituting Eqs.?)
and @) into Eq. Q) gives

aw TP
dNg ™ 2 N _ﬂ'lnz(Dp/Dg,i) (10) = Ep—wGSmax[ll(O Spart) + 12(spart, Smax) | (16)
dinD, - &3 /2rIno; 9 2In%q P ‘
i=1 [ i
whereD, ; is the equilibrium size ofl, ; at saturation given

by Eg. (7). Substitution of Eq. X0) into Eq. &) gives the
condensation rate of inertially-limited CCN stax,

terms,

The functions I1(0,spar) and I2(spart, Smax) are given in
Nenes and Seinfeld (2003) (hereafter NS03) and Fountoukis
and Nenes (2005) for sectional and lognormal aerosol repre-
sentations, respectively. The partition supersaturatig,

dw T pw <, Ni 9 , separates two CCN populations, one (expressedpyor

= Ep_aGSmaXZEDg‘i exp(éln Ui) which droplets experience negligible growth beyond the crit-
¢ i=1 ical diameter {. ~ smax), and one (expressed dg) for

erfc[ 2 In(Dpmin/Dg.i) 3 Ina~i| (11)  Which droplet growth is much larger than the critical diame-
3V2 Ino; 22 ter (sc < smax)- In reality, the large kinetically-limited CCN

Alternatively, Eq. (1) can be written in terms of the mean COmpose a third population, as they have lowbut do not

) _ e reach their critical diameter at the point gfax. Nenes and
droplet diameteD), = - [ Dpn(InD,)dInD,, as Seinfeld (2003) recognized this, and postulated (guided by
InDprmin numerical simulations) that the growth experienced by these
dw| 7 py particles is still substantially larger than their dry diameter,
dr o 2 pa —=GsmaxNaDp. (12) hence can be approximated with This approximation may

not apply for very large and giant CCN; as suggested by
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Fig. 1. Maximum supersaturation (left) and aerosol activation fraction (right) for a bimodal aerosol distribution. Results are from application
of the Nenes and Seinfeld (2003) parameterization neglecting (circles) and considering (triangles) the effect of kinetic limitations on large
CCN. Conditions considered ang = 2000 cnt3 and N, =400 ¢cni3, o1 = 02 = 1.59, dg 1 = 0.08um, T=290K , p=100kPa, andr. =

0.06. Color coding varies with the geometric mean diameter of the coarse mode. Symbols within the same color vary with updraft speed.

Eqg. (2), a third term, "d—"l" .,» Must be added to EqL§) to CDNC (mostly within 10%) for updraft velocities lower than

account for their effect on the condensation rate. 0.1ms L. However, varying the initial RH between 60 and
Combining Egs. 16) , (2), and Eqg. {2) gives for the su- 90% causes little CDNC variability (not shown).

persaturation balance @fax, Entrainment reduces supersaturation generation from ex-

x pansion cooling and reducegax. Given the wide range

2 p, Gmax > of seen in the simulations (from the variation ¥n

— {11(0,Spart)+12(5partvsmax)+Na Dp’s art} -1=0 (17) Smax L .

%(1—:46) P and aerosol characteristics) varyimagis unnecessary; we

) therefore sek=0 in all simulations presented. Aft8fax
Dp\s rtis calculated akpart instead ofsmax (i.€., Dpmin = is reached, entrainment effects may substantially modify the
2 o droplet size distribution (e.g., Pruppacher and Lee, 1976; Lin

—=--2in Egs.11 and15). This is justified aspart repre-
3/3 5pan "' = 9 ) : ASpart TEPTE" - 11d Arakawa, 1997; Su et al., 1998) but these are beyond the
sents the limit between particles that experienced S|gn|f|cangCope of this work

growth after activation and those that are kinetically limited The aerosol is assumed to be pure ammonium sulfate and
(Nenes and Seinfeld, 2003). Equatid{constitutes the ex- composed of two lognormal modgs with number concentra-
tension of the population-splitting droplet activation param- P - 39 AN, — '3 velv. Th
eterization to include the inertially-limited CCN effects. Itis 1" N1=2000cnm = and Nz =400 cnt*, respectively. The
geometric dispersion for both modes is set{e= 02 = 1.59;

solved iteratively to findyay cloud droplet number concen- .

tration is then calculated from the cumulative CCN spectrum,dg’1 |s'set t0 0.08 um. These values' were selected as repre.—

F5(s), atsmax (Nenes and Seinfeld, 2003). sentative of atmospherlc_ f_;le_rosol (Selr_lfeld _and Pandis, 1998);
Sect. 4.1 presents sensitivity runs using different sets of pa-
rameters. V was varied over conditions expected in GCM

4 Comparison against parcel model results simulations (0.01 to 10 nT$), andd, » was varied between
0.005 and 5 um to represent typical values of recently nucle-

The modified population-splitting activation parameteriza- ated particles€0.01 um) and/or giant CCNx{(1 pm) (Prup-

tion is evaluated by comparing predictions @fax and  pacher and Klett, 1997).

droplet number against simulations with a comprehensive Parcel model results indicate that at higti>5ms1)

cloud parcel model (Nenes et al., 2001) for a wide rangeand moderaté, » (less than 0.1 um) the activation fraction

of updraft velocities and aerosol size distribution character+eaches high values as thgax is sufficient ¢~ 1%) to ac-

istics. Initial parcel temperature and pressure were 290 Ktivate most CCN. Asd, > increases, significant water va-

and 100 kPa, respectively, and the water uptake coefficienpor depletion by droplets in the coarse mode decregggs

was set to 0.06, following the suggestions of Fountoukistherefore reducing the activation fraction (mostly in the fine

et al. (2007). All aerosol particles are assumed to be ini-mode). Asd, » becomes substantially large-(0.5 pm), the

tially in equilibrium with the surrounding environment at activation fraction approaches 16% (i.&/1/(N1+ N2)) as

RH=80%. Consistent with other studies (e.g., Phinney et al.all particles in the coarse mode are activated (i.e., they have

2003), using a higher initial RH would result in slightly lower s. < smax) but virtually none in the fine mode. At this limit,

Atmos. Chem. Phys., 10, 2462473 2010 www.atmos-chem-phys.net/10/2467/2010/
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Fig. 2. CDNC predicted by the parameterization over CDNC predicted by the parcel model as a function of the geometric mean diameter
(top panels), aerosol number concentration (bottom left panel) and the geometric dispersion (bottom right panel) of the coarse mode, for a
bimodal aerosol distribution. Simulations were performed\ge= 100 cm3 andN, =50 cmi3 (top, left panel)gs = 0.4 (top, right panel),

dg 2=0.12um,01 = 0 = 1.59 (bottom, left panel, 1 =0.08 um,d, > =0.12 pm,o7 = 1.59 (bottom, left panel). All other conditions are

similar to Fig. 1. Color coding varies with updraft speed.

underestimating the surface area from large CCN overpre4.1 Sensitivity tests
dicts smax and the activation fraction hence the droplet con-
centration, especially fotl; > > 0.5um (Fig. 1). This is

in agreement with the results of Phinney et al. (2003) who
showed that neglecting the effect of inertially-limited parti-
cles would result in an overestimation in CDNC (as oppose
to assuming equilibrium cond|.t|ons which r_esults in under- tests the robustness of the large CCN correction to aerosol
?S“”."'a“”.‘ O.f CDNC). Accounting for de-pleyon effects from number concentration. NSO3 tends to slightly overestimate
|nerF|aIIy—I|m|ted CCN 'afge'y corrects th|'s bias (ELj) pro- CDNC (Nenes and Seinfeld, 2003; Barahona and Nenes,
dgcmg results that are in agreement'wn.h' the parc.el'modelzom), particularly at lowv (<0.1ms, hence low acti-
Figure 1 shows that fof, > > 0.5 um, significant deviations vation fractions); the overestimation being larger dgr, >

between the parameterization and the parcel model ocCU 5 pm. Including the effects of large CCN corrects this and
dCDNC remains mostly within a 10% of the parcel model re-

The sensitivity of the parameterization results\g N2, o2,

and the aerosol soluble fractiaf, is presented in Fig. 2. Re-

Opeating the simulations of Fig. 1 for “clean” conditions, i.e.,
N1 =100cnm2 and N> = 50 cnT 3(Fig. 2, top left panel),

at lowerd, ». Application of the large CCN correction for
d,,2 > 0.5 um significantly reduces the differencesifiax be-

tween the parameterization and the parcel model (triangles). The sensitivity of CDNC predictions to aerosol composi-
tion was assessed by reducing the coarse mode sulfate frac-

tion to 0.4 (Fig. 2, top right panel). CDNC predicted by
NSO03 is within 20% from the parcel model results (with
a slightly higher underestimation for < 0.1ms1); for

www.atmos-chem-phys.net/10/2467/2010/ Atmos. Chem. Phys., 10, 24832010
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dg 2 > 0.5um, NSO3 largely overpredicts CDNC. Includ- the condensation upon inertially-limited droplets is added to
ing large CCN effects corrects this, however, significantthe “default” expression in the parameterization of interest.
overprediction £50%) may still result fod, » > 1um and  The correction was incorporated into the Nenes and Sein-
V ~0.1ms 1, which results from neglecting the contribution feld (2003) and Fountoukis and Nenes (2005) parameteriza-

of the insoluble core to the saturated wet si2g, in Eq. (7). tions and tested for a wide range of conditions. Results show
Using a modified version of &hler theory (Khvorostyanov that incorporation of the correction greatly improved the pa-
and Curry, 2007) can account for this issue. rameterization performance for conditions where inertially-
Sensitivity tests were carried out fdg » =0.12um, and  limited CCN dominate droplet formation, without significant
varying N> between 50 and $10*cm~2 (all other condi- impact on the computational burden of the parameterization.

tions similar to Fig. 1). At lowN> ~100cnT3, an increase  The approach outlined here can easily be extended to include
in the activation fraction from 10% to 80% was produced adsorption activation of mineral dust (Kumar et al., 2009).
whenV increased from 0.1 to 1 nT$ (not shown); at high It can also be applied to account for the water vapor deple-
N> > 10*cm~3, significant activation fractions were found tion from pre-existing droplets and ice crystals during sec-
only for V >0.5m s1. At these conditions, however, the ondary activation events in convective updrafts, by appropri-
effect of large CCN was not significant and the NS03 param-ately modifying the growth constant and size distribution in
eterization reproduced the results of the parcel model withEq. (12) (e.g., Barahona and Nenes, 2009). The approach
a slight underprediction foN, > 1000 cn3. Therefore the  outlined here is a simple way to account for some of the pre-
effect of giant CCN is expected to be negligible, as the sur-diction biases in regions strongly influenced by dust (e.g.,
face area of the aerosol particles at cloud base is negligibl€rospero and Lamb, 2003) and large sea salt particles (e.g.,
compared to the surface area of activated droplets; thus sig9’'Dowd et al., 1997).
nificant droplet growth after activation occurs, and the equi-
librium size at cloud base is negligible compared to the sizeAcknowledgementsThis study was supported by NASA ACMAP,
after activation. Indeed, no change in CDNC is seen wherfnd a NASA New Investigator Award. Rosalind West was sup-
the inertial correction is included (Fig. 2, bottom left panel). Ported by a NERC studentship and a CASE award from the UK

A final sensitivity test was carried out fa, , =0.12um, ~ Met Office. Sami Romakkaniemi was funded by the Academy of

3 . y Finland (decision number 123466).
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