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Abstract. Dust and black carbon aerosol have long beenof 10% andR2~0.98. A preliminary sensitivity study sug-
known to exert potentially important and diverse impacts ongests that the sublinear response of droplet numbedtdef
cloud droplet formation. Most studies to date focus on theparticle concentration is not as strong for FHH particles.
soluble fraction of these particles, and overlook interactions
of the insoluble fraction with water vapor (even if known to
be hydrophilic). To address this gap, we developed a new pa: .
o i . .- 1 Introduction
rameterization that considers cloud droplet formation within
an ascending air parcel containing insoluble (but wettable)I
particles externally mixed with aerosol containing an appre-
ciable soluble fraction. Activation of particles with a sol-
uble fraction is described through well-establishedhtér

t is well established that atmospheric aerosols are often
hydrophilic, and can serve as Cloud Condensation Nuclei
(CCN), upon which cloud droplets are formed through the
process of activation. Changes in CCN concentration af-

theory, while the“activatic?n of h_ydr(.)prlilic nsoluble parti- fect the radiative properties of clouds, known as the “cloud
clesis treate(_:i by adsorptlon—agtlvat|on theory. In the Iatte_r, albedo” or “Twomey” effect of aerosols (Twomey, 1974).
yvater vapor 1S adsgrbed onto mspluble particles, the ac.t'V'The enhanced number of droplets is often accompanied by a
ity of which is d_esc_rlbed by a muI_tl_Iayer FrenkeI-HaIsey-I—_hII reduction in their size, thereby affecting cloud precipitation
(FHH) adsorption isotherm modified to gccqunt for pqrtlcle efficiency. This may result in increased cloudiness, which
c_urvature._ W? further develop '.:HH activation theoryijo gives rise to the so-called “cloud lifetime” or “Albrecht” ef-
find combinations of the adsorption parametéfsi, Brin oot of aerosols (Albrecht, 1989). Combined, these “aerosol
which yield atmospherically-relevant behavior, aiidl,ex-

L : o X indirect effects” on clouds perturb the Earth’s radiative bud-
press activation properties (critical supersaturation) that fo"get and constitute one of the most uncertain components of
low a simple power law with respect to dry particle diameter.

T . anthropogenic climate change (Forster et al., IPCC, 2007).
The new parameterization is tested by comparing the pa- cjoud droplet activation is the direct microphysical link
rameterized cloud droplet number concentration against pregetween aerosols and clouds, and is at the heart of the in-
di_ctions with adetgiled numeri_cal cloud model, considgr_ing Adirect effect (Nenes and Seinfeld, 2003). Droplet activation
wide range of particle populations, cloud updraft conditions, i aimospheric models is calculated from parameterizations
water vapor condensation coefficient and FHH adsorption,hose sophistication range from empirical correlations (re-
isotherm characteristics. The agreement between parametgking aerosol mass or number concentration to cloud droplet
ization and parcel model is excellent, with an average error, mper concentration) to physically-based prognostic for-
mulations (e.g., Feingold and Heymsfield, 1992; Boucher
and Lohmann, 1995; Gultepe and Isaac, 1996; Abdul-Razzak
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2005; Ming et al., 2006; Barahona and Nenes, 2007). AllSection 5 provides an insight into the competition effects of
physically-based parameterizations developed to date rely oRHH with Kohler particles. Finally, Sect. 6 summarizes the
Kohler theory (Kohler, 1936), which considers curvature and major achievements of this study.

solute effects on the equilibrium vapor pressure of a grow-

ing droplet. Most often, this equilibrium curve exhibits a
maximum in supersaturation known as critical supersatura
tion, s., at a critical wet droplet diameteR.. When a par-
ticle is exposed to supersaturation abeyéor long enough

to exceedD,, it is in unstable equilibrium and can nucleate
a cloud droplet. For atmospherically-relevant conditions of
cloud formation, it is sufficient to say that a particle acts as a
CCN when is exposed to supersaturation abpv@enes et
al., 2001).

2 Theory of adsorption activation

A number of adsorption isotherm models exist to describe
the process of physisorption of gas-phase species onto
solid surfaces, such as Langmuir (Langmuir, 1916), BET
(Brunauer, Emmett and Taylor) (Brunauer et al., 1938), and
FHH (Frenkel, Halsey and Hill) (e.g., Lowell et al., 2004)
isotherms. The Langmuir isotherm is the first and perhaps
Insoluble atmospheric particles, like mineral dust andthe most st_udied adsorption model to date, but is Iimited_ tp
! {he adsorption of a monolayer of water vapor, and hence it is

soot, can _also act as efficient cI(_)ud condensathn nuclei "ot applicable to atmospheric particle (where the vapor pres-
they acquire some amount of deliquescent material, such a8 re is high enough to form multiple layers of water vapor
(NHg)2SOy (e.g., Seisel et al., 2005). The threshold of nucle- dsorbed onto the CCN). BET and FHH were developed to
ation substantially decreases when water interacts (adsorb%.beat multilayer adsorptioﬁ and have been explored to study
onto slightly soluble particles giving rise to the process of ad- '

sorption activation (Sorjamaa and Laaksonen, 2007; Henso adsorption activat.ion, or, the process of cl'oud droplet fqrma—
' D Yon from adsorption of water vapor onto insoluble particles
2007). Henson (2007) showed that a number of existing ad-e Henson, 2007; Sorjamaa and Laaksonen, 2007)
sorption models (e.g., Fletcher, 1958; Wexler and Ge, 1998)( 9~ ' =01 ' '
for slightly soluble and insoluble particles can be success 1 FHH adsorption theory
fully applied to represent droplet formation from adsorption
activation. Similarly, Sorjamaa and Laaksonen (2007) used-HH adsorption theory (Sorjamaa and Laaksonen, 2007) de-
the Frenkel-Halsey-Hill (FHH) multilayer physical adsorp- scribes the process of adsorption activation in which the wa-
tion model to describe water uptake as a function of relativeter vapor saturation ratid, of an insoluble particle in equi-
humidity (i.e., water activity) and applied the theory to de- librium with surrounding water vapor can be expressed as
scribe the activation of perfectly wettable and insoluble hy- do M
drophilic CCN. As with Kohler theory, adsorption of water § = a,, exp<—“’> 1)
can result in equilibrium curves with a critical supersatura- RTpw D,
tion of atmospheric relevance (Henson, 2007; Sorjamaa andiherea,, is the activity of the water in the particle, is the
Laaksonen, 2007). surface tension at the particle-gas interfakg, is the mo-
To date, there is no parameterization framework that carlar mass of waterR is the universal gas constarf, is the
concurrently treat the competition of insoluble and solu- temperaturep,, is the density of water, anB,, is the equiv-
ble CCN in the cloud droplet formation process; this gapalent particle diameter. The exponential in Eq. (1) is com-
is addressed in this study. The new activation parametermonly referred to as the curvature, or Kelvin effect. For ir-
ization builds upon the frameworks of Nenes and Seinfeldregularly shaped insoluble particles (such as dust), curvature
(2003), Fountoukis and Nenes (2005) and Barahona andlong its surface varies, and cannot be described in terms of
Nenes (2007) to include the effects of adsorption activation,a single characteristic diameter. In this study, we consider
using the FHH theory of Sorjamaa and Laaksonen (2007)only the average curvature, as expressed by the equivalent
The insoluble particles (referred to in this study as “FHH particle diameter. Furthermore, the insoluble particle surface
particles”) are considered to be externally mixed with hy-is assumed to be perfectly wettable (i.e., the contact angle
drophilic deliquescent particles (referred to asoter par-  between the particle and water is zero), resulting in a uni-
ticles”). All particles compete for water vapor in a cloud form distribution of adsorbed water molecules over the par-
updraft, thus allowing for the comprehensive treatment of ki-ticle surface. In the limit of a monolayer, its activity,,,
netic limitations, chemical effects (i.e., slow water vapor con- can be written ag,, = exp(—AryH©® ~5FHH) (Sorjamaa and
densation and surface tension depression) and entrainmebtaksonen, 2007); substitution in Eq. (1) then gives
effects on cloud droplet formation. M
A brief discussion of FHH adsorption activation and § = exp(—w) exp(—Appn©® ~BrrH) )
Kohler theory is given in Sect. 2. Section 3 describes the RTpwDyp
formulation of the new parameterization for sectional andwhere Agyn, BFyn are empirical constants, ar@ is the
lognormal representation of the aerosol size distribution. Ansurface coverage (defined as the number of adsorbed water
evaluation of the parameterization by comparing against premolecules divided by the number of molecules in a mono-
dictions of a numerical cloud parcel model is done in Sect. 4.layer, i.e., the number of adsorbed layers of watef}qn
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characterizes interactions of adsorbed molecules with the
aerosol surface and adjacent adsorbate molecules (i.e., thosg

in the first monolayer) Bryy characterizes the attraction be-

tween the aerosol surface and the adsorbate in subseque

layers; the smaller the value Bfnn, the greater the distance

at which the attractive forces act (Sorjamaa and Laaksonen

2007). Appy and Bpyy are compound-specific and deter-
mined experimentallyAryy has been experimentally found
to range from 0.1 to 3.0, whil&Bryy ranges from 0.5 to 3.0
(Sorjamaa and Laaksonen, 2007).

Equation (2) expressesin terms of D, and®. However,
©® can be expressed in terms Dfy and D, as (Sorjamaa
and Laaksonen, 2007):

D) — Dary

® =
2D,

©)

where Dqry is the dry particle diameter anﬂw=2.75A is

the diameter of a water molecule adsorbed on the particle
surface. Substituting Eq. (3) into Eq. (2), expressed in terms

of equilibrium supersaturatiorsS—1, gives an equation that
depends only oD,

4o M, D, — Dgry\ B
—exp| ——2 — A —p— Ay —1(4
s p[RprDp FHH ( 3D, (4)

L oM, D, — Dgry\ ~5FrH
~ RTpwD, "\ 2D,

The activation behavior of particles following FHH the-
ory can be rationalized by analyzing the derivative a@fith
respect taD

ds [ 4oM, n AFHHBEHH ( Dp — Dary) ~BFn—1 (5)
dD, ~ \ RTpyD? 2D, 2D,

where the first and second terms in the right hand side o
Eq. (5) correspond to the contribution from the Kelvin and

adsorption effect, respectively. By is large enough, both

terms in Eq. (5) can become equal for a characteristic wet di

ds
dD,

FHH particles behave much like those followinglder the-
ory, with a characteristic maximum(the critical supersatu-
ration, s.) at the critical wet diameteb,. s. is determined

by solving %‘p:o, so Eq. (5) becomes

4o My, AFHHBerH (Do — Dary) ~BFHH—t B
<_RprD3.) + < 2D, ( 2Dy, ) =0 ©®
Numerically solving Eq. (6) give®,, which can then be
substituted in Eq. (4) to obtain. Figure 1a presents equi-

librium curves for combinations odrqH, BrrH that exhibit
a maximums, and its correspondingp,.

ameter,D,, so that =0. Under such conditions,
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Fig. 1. Equilibrium curves for a FHH-type particle of 100 nm
dry diameter, and combinations dfyH, BrHy that representa)
atmospherically-relevant behavior, arfd) spontaneous activation
(for RH<100%).

If Beyn is small enough so that the left hand side of Eq. (6)
is larger than zero for all values @, then the derivative

1pf the equilibrium curve is dominated by the adsorption term

and the particle either (a) is always in stable equilibrium with
the environment, i.e., the particles never activate into cloud
droplets, or, (b) spontaneously activate at RH less than 100%

(depending on the asymptotic value sofit very largeD),).
Figure 1b presents examples of such curves, the equilib-
rium supersaturation does not exhibit a maximum, but rather
asymptotes to a value,,, less than zero. If the ambient rela-
tive humidity is such that<s., the particle is always in sta-
ble equilibrium with the environment. Converselysif seo,

the particle spontaneously activates into a cloud droplet (even
for a relative humidity less than 100%). Such phenomena
(i.e. deliquescent clays) have not been observed hence this
region of parameter space is considered irrelevant for the at-
mosphere.

2.2 Activation characteristics of Kdhler and FHH par-
ticles

The activation of particles containing soluble material is de-
scribed by Kohler theory (Kohler, 1936; Seinfeld and Pandis,
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2006) in which equilibrium supersaturation is given by

A B
s=——— (7)
D, D3

whereA:%“l;Z and Bz&‘;—"ﬁ“”. Here n, is the number
moles of solute in the particle andis the effective van't
Hoff factor of the solute. The. and D, for Kohler particles

are then given by:

1/2
448
Se = (ﬁ) (8a)
3B\ 12
D, = (—) (8b)
A 3.0
The above analytical expressions fgrand D, neglect 28

the insoluble CCN fraction in the denominator of the second
term on the right hand side of Eq. (7), also known as “Raoult”
term and should not be used for particles with very small sol- |
uble fractions (e.g., Khvorostyanov and Curry, 2007). .
For FHH particles, it is important to know the range of =z,
AfnH and Bryy Which give equilibrium curves with a max- <14
imum (like in Fig. 1a) and therefore are potentially relevant 12
for the atmosphere. This is done by determining values of 10
AfrnH, Bran and Dgry for which a solution to Eq. (6) exists, 08
over the reported range fdrpy and Bpyy (0.1-3.0 and 0.5—
3.0, respectively)Dqry is also varied between 0.03n and
150um. When a solution foD. is found, we normalize it 2
with Dgry to express the growth required for FHH particles 06 08 10 12 A4 06 18 20 22 24 20 28 30
to activate into cloud droplets.
Figure 2 shows contour plots @f./Dgry for Dgry equal to
0.25um and 2Qum. Depending on the existence and value Fig. 2. Dc/Dgry contours as a function ofpyy and By for (a)
of D./Dqry, each plot of Fig. 2 can be divided into three sep- Ddry=0.25um, and(b) Dgry=20um.
arate regions: “Region 1” (area filled with purple color, cor-
responding taBgyH<0.6-0.7 for any value ofipyy), where
equilibrium curves are like in Fig. 1b and &, could not s often much smaller than fordhler particles of sam®qry
be found. “Region 2" (corresponding to G<Bryny<1.0), (Table 1), or same. (not shown).
where equilibrium curves resemble those of Fig. 1a, for The most appropriate activation theory for a particle de-
D./Dgry>2. Finally, “Region 3" (area filled with red color, pends on the relative importance of adsorption vs. solute on
corresponding tBryn>1.0), where equilibrium curves re- water activity. The theory that gives the lowsastwill, in
semble those in Fig. 1a, am®}./ Dgry<2. Figure 2aand b, are  general, be the most appropriate. A quantitative evaluation
very similar, despite that they correspond to particles withrequires an extensive set of simulations and will be the focus
two orders of magnitude differences in dry particle sizes.of a future study.
This suggests thad./Dgry has a weak dependence Dary.
Furthermore, most of the atmospherically-relevant combina-
tions of Ay and By lie in “Region 3", where the value of 3 Formulation of activation parameterization
D./Dqry lies between 1-2. Given that the size of activated
droplets at the cloud parcehax are typically much larger The aerosol activation parameterization is based on the cloud
thanDgry (Nenes and Seinfeld, 2003), it can be assumed thaparcel framework, in which a parcel of air containing an
D,>>D,. for FHH particles abmax. This is an important ob-  external mixture of Khler and FHH particles is lifted and
servation that facilitates the computation of the condensatiortooled. When supersaturation develops, droplets begin to
rate of water, required in the development of the droplet acform (by the process of activation) up to the point where
tivation parameterization (Sect. 3.6). Another implication is supersaturation generation from cooling balances depletion
that the amount of water required to activate FHH particlesfrom condensation of water; this corresponds to the point of
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Table 1. Comparison of critical to dry particle diameter for FHH distribution onto supersaturation coordinates (Nenes and Se-

and Kohler particles composed of pure (IYHSO;. infeld, 2003),
s dN d 1(1 10
Ddry (um)  (De/Ddry)gpypa (De/Dary)kshie nj(s) =—-= X; S — sy i1 S8 = i (10)
0.01 1.81 3.13 - ,
0.025 1.86 4.80 wheres, ;) ands. ;-1 are the critical supersaturations cor-
0.05 1.91 7.00 responding to the boundaries of sectioand population,
0.075 1.93 8.53 and N;(, is the concentration of CCN betweep; ;) and
1.00 2.13 31.31 Sc.ih—1. The CCN spectrumf*(s), is then obtained by in-
2.50 2.23 49.48 tegration ofn® (s) from s'=0 tos'=s:
5.00 2.30 70.01
7.50 2.32 85.75
10.00 2.38 99.02 koS
15.00 2.44 121.27 FS(s) = Z / ni(s')ds' (11)
20.00 2.48 140.03 1
a p. calculated from Eq. (6), P! S Si i()—1
App=0.68, Brnp=0.93, Dy =2.758 12: [ Z Nji + Nigy R

b D, calculated from Eq. (8b)=3,5=0.72Nnt 1,

My,,=18.0gmott, MNp,),s0,=132.14 g mot 2,
0 =1000kg N3 The relationship betweerg o and Dp m@y depends on

the theory used for descrlbmg act|vat|on FabHer parti-
cles, Eq. (8a) and (b) is used, while for FHH particles, the
maximum parcel supersaturatiomax, and is where droplet procedure outlined in Sect. 2.1 is used.
activation ceases. If the CCN spectrum (i.e., the number of
CCN as a function of ambient supersaturation) s&pgkare 3.2 Lognormal representation of CCN spectrum
known, the droplet numbe#y,, in the parcel can be com- o
puted as the number of CCN that activaterady (Nenes et A lognormal distribution is often expressed as sum of several
al., 2001). The new parameterization provides a formulationl°gnormal functions (or “modes”):
to determine bothmax and Ny. Since sectional and lognor-

mal representations of the aerosol particle size distribution 4N &N _|n2(Ddry/Dg,i) (12)
are most frequently used in the models, formulations are de< In Ddry P V27 Ino; 212 o;
veloped for both.

. ] whereo; andD, ; are the geometric standard deviation and
3.1 Sectional representation of CCN spectrum median diameter, respectively, for ti#8 lognormal mode,

andn,, is the number of lognormal modes in the size dis-

The sectional representation uses discrete size classes (“b|n§rlbutlon Assuming each mode (or population) has uniform
or “sections”) for the aerosol distribution. Each section can hemical composition, a power law function can be used to

have its own chemlcal_composmon. If the aerosol mixture is expressDgry/ Dy.; in terms of a critical supersaturation ratio,
composed ok populations (i.e., aerosol types), then a sep-

arate binning is assigned to each type. The cumulative S|ze/ 8

distribution is then determined by summing over all the pop- Dar s 1t

ulations (Nenes and Seinfeld, 2003): D= [—} (13)
gl Sg.i

% wheres ands, ; are critical supersaturations of CCN with
Fld) = Z/nfi(D;,)d(D;,) (9) dry diameterDgry and D, ; re§pgct|vely, and is an expo-

) nent that depends on the activation theory used. For particles

P i D following Kbhler theory,x:_—3/2 (Fountoukis and Nenes,

_ Z{ Z N +Nm<z)z< pm()-1 )} 2005), while for FHH particlesy depends omAgyy and
| 4 v ’ - D! BryH (see Sect. 3.3).
The aerosol critical supersaturation distribution function,

n*(s), can then be calculated as follows (Fountoukis and

j=1 p,m(l) p.m()—1

wherem is the section of populatioh that contains parti-

cles of sizel with bin size limitsD! pm()—1 ande my and Nenes, 2005)
N, is the aerosol number concentratlon of section

The aerosol critical supersaturation distribution function, . =~ dN dN dIn Dy 14
n; (s), is then determined by mapping the aerosol particle sizdt () = ds  dln Dary ds (14)
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where the negative sign in the right hand side of Eq. (14) has 0.0

been applied to reflect that decreases aBqry increases. @

C L - . . 0.5 1 ]
Implicit is the division of Dgry with 1 xm to nondimension-
alize the argument in IDqry. SubstitutingDgry/D, ; from 1.0
Eqg. (13) into Eq. (12) gives Artn Brn
1571 « 025 2.00 .
T , 2 2 3 = 050 1.00 §
dN _ Z Ni exp _In (s/8g.i) (15) g’ 2.0 ] 0.50 1.75 . §
dInDary %= V27 Ino; 2Ing; T g5 ] " 08 0 =3
= 25 =,
Differentiating Eq. (13) also gives g
301 x 100 2.00 =8 Yy
dIn Dy 1 + 1.50 1.50 - e
d—ry = — (16) 3594 o 200 1.00 x
$ xS a0 Lo 200 250
Substituting Eg. (15) and Eq. (16) into Eq. (14) gives T T T T
ubstituting Eq. (15) a- (16)1 a. (14) giv 00 05 1.0 1.5 20 25 30 35
, & N, 1 IN2(s /5.4)* In (Dgy/D,,)
w3 ML [ st :
= 2ming; xs 21In“o; i (b)
. . . . 0.5 3
The CCN spectrunf;® (s) is then obtained by integration
of n®(s") from s’=0 tos’=s: 00l Asw Bem
s ¢ 0.25 2.00
&L N; In(s, ; —~ 05 = o050 100
Fi(s) = /ns(s’)ds/ = Z—lerfc[—M] (18) > 0.50 1.75 B
—~ 2 x+/2Ino; - x 0.68 093 n
0 i=1 & 1.0 §
[= * u x
Equation (18) is the generalized form of a CCN spectrum ;5 Y 100 200 § §
for the lognormal particle size distribution, and the value of + 150 1.50 ¥,
x encompasses the physics behind the aerosol-water vapor 2094 = 200 1.00 " §§
interaction (i.e., Khler or FHH). Forx=—3/2 (Kdhler par- © 200 2.50 "
ticles), Eqg. (18) reduces to the formulation given by Foun-  -2:5
; . - 0 1 2 3
toukis and Nenes, (2005): In (Dy/D,)
6
S
Zm. N; 21In(s, i /5) - ()
FS(s) = /ns(s/)ds/ =Y erfc [—g} (19) .
; 2 3\/§|n01 5 g
O +
* AFHH BFHH
. . . - ¢ 025 2.00 x
3.3 Relatings. with Dgry for FHH particles 341 = 050 1.00 B x
‘\3 0.50 1.75 y g "
In determining the value of in Eq. (13) for FHH particles, 2,1 = 068 093 C8 ; .
we computed numerically the ratio of, ; (using the proce- * 075 200 x * 8 ; -
dure in Sect. 2.1) for a wide range D, ; (0.03um-1Qum), x 1.00 2.00 * x . ¢
Dgry (0.050m-0.8¢m), AryH and Bern (10 different com- 291 + 150 1.50 *
binations as shown in Table 2). As can be seen in Fig. 3, o 2.00 1.00
for given values ofArnn and Brnn, s/sg,; and Dgry/Dy ;, 1 2‘_00 20 . . . . .
exhibit a power-law dependence. This dependence holdsfor 55 50 45 40 35 30 25 20
the entire range oD, ; and Dqry considered. Power law fits In (Dgp,/Dy,)

to these calculations can then be used to deserdmea func-
tion of ApyHy and BgynH, Ssome results of which are shown in
Fig. 4. For eacppn, x has a maximum aBgqp~1.3-1.4, Fi9- 3. Plot of In(s/s, ;) versus InDary/Dg ;) for (a)
while x is always negative, varying from1.2 to—0.8, de-  P5.i=0-03um, (b) Dy ;=0.1um and(c) Dy ;=10.0um.
pending on the value oApyp.
Multivariate least squares regression was performed on the
activation data for all the conditions in Table 2 to determine WherePy, P>, P3, P4, Ps are fitting parameters, and are given

an analytical relationship betweenArpy and Bepn: in Table 3. Equation (20) reproduces the fitiedata with a
root mean square error of 0.00996 (Fig. 4).
y=Al Po P4 (20) Equation (13) suggests that of FHH particles can be
FHH BlfaH B'faH written assc=C Dyj,,; C is a constant that depends @p
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Table 2. Cloud formation conditions considered in this study.

Property Values

e 0.042,0.06, 1.0

vV (ms1 0.1,0.5, 1.0, 5.0, 10.0
TparceI(K) 298

Pparcel(mbar) 900

(AFHH, BFHH) combinations considered for FHH particles  (0.25, 2.00), (0.50, 1.00), (0.50, 1.75), (0.68, 0.93), (0.75, 2.00),
(0.85, 1.00), (1.00, 2.00), (1.50, 1.50), (2.00, 1.00), (2.00, 2.50)
Soluble Fraction properties Species considered: {NBO,
Soluble Mass Fractiors, 0.5
Density,p: 1760 kg n13
van't Hoff Factor,v: 3
Molar Mass: 0.132 kg moit

Table 3. Fitting parameters in Eq. (20).

AFHH Py P P3Py Ps

AFHH=<0.5 —0.01061 -0.101038 4.6382 0.89161 —0.05708
0.5<AfFHH<1.5 -—-0.02848 —-0.124812 9.4907 0.87878 —0.06849
1.5< Appn ~0.05994 —0.185129 16.2757 0.86681 —0.11858

Table 4. Fitting parameters in Eq. (21). -0.80 1
AFHH k l m n p -0.85 ]
ApHH<0.5 0.211 4.038 0.849 4.156 19.835 i
0.5<Apyn<1.5 0.398 6.706 0.994 7.039 19.742 w 090 7
1.5<AFHH 0.656 8.270 1.364 8.739 19.705 g ]
2 0.95 1
5 ]
o -
> 4
w 4
. , - -1.00 3
and Bryy and is numerically equal to the critical supersatu- ] ®0.25
ration of a particle of a reference dry diameter. In this study, ] f?;:
the reference diameter is taken to be @ni; C is then deter- 105 ] ©2.00
mined by computing. (Sect. 2.1) over a range dfryq and 1 ©250
Brun. This is presented in Fig. 5 whete (shown as sym- P Y L L L B
bols) are plotted together with a multivariate least squares 0.75 1.25 1.75 2.25 2.75 3.25
regression to the following function (shown as lines): Brun
8k —-21 13 p Fig. 4. Exponentx for FHH particles as a function aBgyy for
C =10"Apyy 7 B B (21) different values ofApyy. Shown are values computed using the
FHH FHH FHH procedure of Sect. 2.1 (symbols) and the functional fit (line), given

: : - by Eg. (20).
whereC is expressed imm~—, andk, |, m, n, pare fitting

constants given in Table 4. Equation (21) reproduces the fit- . ) "
ted data with a root mean square error of 0.034 (Fig. 5). of water vapor. For a non-adiabatic (entraining) cloud parcel
ascending with constant veloci¥y, smax can be determined

3.4 Computation of Snaxand Ny from the solution of the following equation (Barahona and
Nenes, 2007)

The smax in a cloud corresponds to the point where droplet smax e\ 1/2

activation terminates, and, occurs where supersaturation gen’ﬂ\/pa _ GSmax/ D2(t) +26G / sdr | ni(s)ds =0 (22)

eration from cooling balances depletion from condensation 0w "

T
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Calculation ofI, (0, smay) is detailed in Sect. 3.6, which is
then substituted in Eq. (24) and subsequently solvesh{gy
The number of cloud droplets that form in the parcel is

Nd = FS(Smax) (26)

3.5 The water vapor mass transfer coefficient

It is well known that the mass transfer coefficient of water
vapor onto droplets (otherwise known as the effective dif-
fusivity), D,, varies with particle size (Fukuta and Walter,
1970),

Dy
2D, [2nM,
1+ acDp RT
whereD, is the water vapor diffusivity in air, and. is the

water vapor uptake coefficient. The is a kinetic parameter,
expressing the probability of water vapor molecules of be-

D, = (27)

Dqry aSsc= CDdr C is presented for the atmospherically-relevant ing incorporated into droplet upon collision. However, pro-
range of BEH and Apnn; shown are calculations using the pro- cesses other than accommodation can control the condensa-
cedure of Sect. 3.3 (symbols) and the functional fit (line), given bytion of water vapor (e.g., dissolution kinetics, Asa-Awuku

Eq. (21).

where D, (7) is the size of CCN when exposed te=s,

and Nenes, 2007)y. can thus be used to parameterize all
processes affecting water mass transfer. Neglecting to ac-
count for the size dependencym; results in overestimat-

ing water vapor condensation in the initial stages of cloud

(r being the time where the parcel supersaturatmn exformation (Feingold and Chuang, 2002; Nenes et al.,2001;

M, | MyAH?
cpRT?
a=thebll _ sy [Ag;"fw T —T) -1 RH)], AH,

is the latent heat of condensation of waters the accelera-
tion due to gravityT is the temperature of the parcef,, is
the molar mass of wate#/,, is the molar mass of ait,, is the

Fountoukis and Nenes, 2005; Ming et al.,
lead to an underestimation gfax andN,.
An analytical form of the condensation integral cannot be
derived by substituting Eq. (27) into Eqg. (23). Instead, Foun-
toukis and Nenes (2005) suggested to use an average mass
transfer coefficientD, ave, for the growing droplet popula-

2006), which can

heat capacity of airp® is the water saturation vapor pressure, tion. Assuming thatr. is constant for all CCN, an®, jow
p isthe ambient pressureis the fractional entrainmentfrom and D, iy express the upper and lower size of droplets re-

dry air into the parcel (mt), and7’ and RH are the ambi-

sponsible for the condensation of water vapor (hence mass

ent temperature and fractional relative humidity, respectivelytransfer),D, ave can be expressed as (Fountoukis and Nenes,

andR is the universal gas constarit.in Eq. (22) is given by

4
(23)
pwRT AHpy ( AH My 1
[J“DLMw ko T RT

wherek, is the thermal conductivity of air, an®, is the

2005):
Dv,ave = (28)

D . ( Dppig+ B
v (Dp,big _ Dp,low) —B'In L/
Dp,big - Dp,low Dp,low + B

water vapor mass transfer coefficient from the gas to droplet

phase corrected for non-continuum effects (calculated as disyhere g _2DU <2nMu, )1/2

cussed in Sect. 3.5). For an adiabatically rising pakceq.
Eq. (22) is written as,

20V,

P4 1.0, sma) = O (24)
TTY Pu
wherel, (0, smax) is the “condensation integral”, given by

Imax

1/2
1.0, smax) = Gsmax / (Dﬁ(r)+2c / sdt) n'(sHds  (25)
0

T

Smax

Atmos. Chem. Phys., 9, 2517532 2009

Based on numerical sim-

ulations for a wide range of values of conditions,
Fountoukis and Nenes, (2005) suggest, ,;,=5um
and D), jow=min {0.207683 233048 5.0} where D, jow is
given inum.

3.6 Computing the condensation integral .(0,Smax)

To compute the condensation integral (Eq. 25), we first
express it as the sum of two terms. The first one gives
the contribution from particles that follow dhler theory,

www.atmos-chem-phys.net/9/2517/2009/
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Ix (0, smax), Whereas the second one from FHH particles, For lognormal representation of aerosol size distribution,

IrHH(O, Smax): IrHH(0, smax) is computed by substituting Eq. (17) into
10, stma) = Ik (0, smaxd + TeHH(O, st (29) ~F9-(31)andintegrating

_ Using the population s_plitting approach of Nenes and Se'IFHH(O, Smax) = G <£>l/2 NLr%ax (33)
infeld (2003),/k (0, smax) is calculated as: aV 2

Ik (0, smax) = Ix.1(0, spard) + Ik 2(spart, Smax) (30) [1 ) (L)Z exp(2:2 0% 01) (erf (V2roi —umad +1) erf(umaﬁ}
where I 1(0, spar) corresponds to hler CCN that, at the Smax 2

instant of parcel maximum supersaturation, either do not nes. 1

strictly activate 0,<D.), or experience significant growth whereumax = %+§X) In the case of multiple lognor-
beyond their critical diameterX,>>D.). Ik 2(spart; Smax) mal modes, the right-hand side of Eq. (33) is summed over
corresponds to CCN that have not grown significantly be-a|l lognormal modes.

Imax

yond their critical diameter, i.eDf,(t)>>2G J sdt (Nenes 3.7 Using the parameterization

T

and Seinfeld, 2003). Calculation of the partitioning supersat- o ) o o
uration, spars and/Zx 1(0, spar) and I 2(spart Smax) for sec- The parameterlzanon algorlthm is |IIu§trated |n. Fig. 6, and
tional and lognormal size distribution formulations are pre- CONSists of two steps. First, Eq. (24) is numerically solved
sented in detail by Nenes and Seinfeld (2003), FountoukidOr smax using the bisection method:
and Nenes (2005), and Barahona and Nenes (2007), and areypw. [7k 10, spard) + T 2(spart Smaxd + TrHH(O, smad] — 1= 0 (34)
not repeated here. 20V pa

IrnH(0, smax) in EQ. (29) represents the contribution of where the condensation integral is substituted with the desir-
FHH particles to the condensation integral. ~According able formulation (sectional or lognormal). Physical proper-
to Sect. 2.2,D./Dgry<2 for most atmospherically-relevant ties are evaluated at the cloud base conditions for adiabatic
combinations ofApyn and By (which is much smaller  updrafts (i.e.¢=0). For entraining parcels (i.ez;>0), prop-
than (D./Dgry) for Kohler particles with similar dry diam-  erties are evaluated at the critical entrainment rate following
eters). Compared to FHH particlespKler particles may re-  the procedure of Barahona and Nenes (2007). Qpggis
quire 8 to 125000 times more water (i.e., 2 to 50 times largerdetermined N, is obtained from Eq. (26).
wet diameter) to become activated (Table 1). Given that all
activated droplets atnax grow to much larger sizes than their _ o
dry diameter and tha,~ Dary for FHH particles (henc®, 4 Evaluation of the parameterization

Imax

>D,), D3(1)<2G | sdt, and, 4.1 Method
T

1/2

Smax max

We first test the sectional formulation against the lognormal
IruH(0, smax) = GSmax / 2G / sdt n*(s)ds’ (31) formulation to show the equivalence between the two. Then,

we evaluate the accuracy of the parameterization by com-

Smax 12 paring the predicteq droplgt number conc_:entration and max-

~ Gsma / (2Gi (s2 _ S(T)2)> n* (s")ds' imum supersaturation against the numerical parcel model of
2q Yy \"Mmax Nenes et al. (2001); (modified to include FHH particles) for

a wide range of size distributions representative of global

. . . fmax aerosols.
wheres(t) is parcel supersaturation at time, and, [ sdt

is approximated with the lower bound of Twomey (1959) 4.2 Evaluation of involved parameters
(Nenes and Seinfeld, 2003).

For sectional representation of aerosol size distributionsNenes and Seinfeld (2003), Fountoukis and Nenes (2005)
IrnH(0, smax) is computed by substituting Eg. (10) into and Barahona and Nenes (2007) have extensively evaluated

0 T

Eq. (31), and performing the integration as follows the parameterization for aerosol composed of onghle€r
G \V2imx particles. Therefore, the focus of this evaluation is on the
IrrH (0, smax) = Gsmax <_> - (32)  performance of the parameterization when FHH particles are
aV sl - st externally mixed with Kohler particles, considering a wide
sl range ofApnyn, BrnH, Water vapor accommodation coeffi-
Y (o A2 sz oy | cient, a., and parcel updraft velocityy. The values ofy,
|:§ (Smax_ Y ) T arcsmsmax:| - andV were selected to represent typical conditions encoun-
y=se tered in low-level cumulus and stratocumulus clouds of ma-
whereimax is the boundary closest tghax. rine and continental origin (Pontikis et al., 1987; Conant et

www.atmos-chem-phys.net/9/2517/2009/ Atmos. Chem. Phys., 9, 2532-2009
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Table 5. Whitby (Whitby, 1978) Aerosol lognormal size distributions used in this study.

Nuclei Mode Accumulation Mode Coarse Mode
Aerosol Type Dg1 o1 N1 Dg 02 Ny Dgg o3 N3
Marine 0.010 1.6 340 0.070 2.0 60 062 27 3.1
Continental 0.016 1.6 1000 0.068 2.1 800 092 22 0.72
Background 0.016 1.7 6400 0.076 2.0 2300 1.02 216 32
Urban 0.014 1.8 106000 0.054 2.16 32000 0.86 221 5.4

Dy; is the median diametep:(n), N; is the number of dry particles (c‘rﬁ), ando; is the geometric standard deviation of ifemode.

1

Input: P, T, updraft velocity, aerosol properties 10
(Size distribution, K&hler particle composition, A, B for FHH particles)
R?=0.9998 +25% S/
l s 4
=1 L7 -25%
Compute CON spectrum, '(s), for Kohler and FHH particles S 10 77
S 107 Al
! £ Z
Estimate s, g / ;
F—— g 4
s #
' 2 7z
3 * Back
Determine sy Scctional & .8 ackground
(Nenes and Seinfeld, 2003) £ 107§ A4 ® Marine
= i = Continental
Use Equation 20 / /
A
] 10 27 i i . @
1,,(0,s,,)=C, j Si(s)ds Tr1111(0,Smax) from Equation 33| | Zrrr (0, max) from Equation 32 ‘ 107 108 10° 100 1011
L l l N, (m3) Sectional formulation
T a5 = Cs || fo(5)ds 1!
R? = 0.998 +25% A7
1 l c 4
, 2 P A
7Py ) s N © 10
re s O+ S+ L O )}-10 2 10 4
NO :§ / / /
YES !_U / /
9
Output: N, = F‘(sm_‘x ),S"m g 10 /
c 7
g
Fig. 6. Parameterization AlgorithmC1, C», f1(s), fa(s) depend = 4 ¢ Background
on the aerosol representation (sectional, lognormal) and are define(% 10 P &7 ® Marine
in Nenes and Seinfeld (2003). ;u Py s ® Continental
; o7 A (b)
10’ 2 . . :
: 10’ 10 10° 10" 10"
al., 2004; Meskhidze et al., 2005; Peng et al., 2005, Foun-
. . . -3 i i
toukis et al., 2007). In total, 6600 simulations were per- Na (m~) Sectional formulation

formed (see Tables 2, 5 and 6).

For this comparison, we selected four Whitby (1978) tri- rig 7. proplet number concentration;; (m~3), predicted by the
modal size distributions, namely marine, clean continental sectional and the lognormal formulations for Whitby (1978) distri-
average background, and urban (Table 5). In addition, we seputions and for the cloud formation conditions of Table 2. Results
lected four aerosol distributions that are representative of amare shown foa) «.=0.042, anddryy = 0.68 andBrH=0.93 and
bient dust (Jeong and Sokolik, 2007), the properties of which(b) «,=0.06, andAryH=2.00 andBryH=1.00. Dashed lines repre-
are given in Table 6, and are C04 (Clarke et al., 2004), D87sent+ 25% deviation.

(D’Almeida, 1987), 098 (Hess et al., 1998), and W08 (Wieg-

ner et al.,, 2008). As expected, the distributions given by

Whitby have smaller median diameters in comparison to typ-cles, allowing the proportion to vary from 0% (purékler

ical dust distributions. For each aerosol size distribution, weparticles) to 100% (pure FHH particles) by number. For each
consider a parcel of externally mixedKler and FHH parti- FHH particle, we assume 100% of the mass is insoluble with

Atmos. Chem. Phys., 9, 2517532 2009 www.atmos-chem-phys.net/9/2517/2009/
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Table 6. Aerosol lognormal size distributions used in this study that are representative of mineral dust aerosol (see Jeong and Sokolik, 2007).

Mode 1 Mode 2 Mode 3 Mode 4
Size Distribution D1 o1 MF1%  Dgo o2 MF% Dg,3 o3 MF3% Dga o4 MFg%
C04 (Clarke et al., 2004) 0.69 146 1.8 1.77 1.85 69.4 8.67 1.50 28.8 - - -
D87 (D’Almeida, 1987) 0.16 210 1.0 1.40 190 953 9.98 1.60 3.7 - - -
098 (Hess et al., 1998) 0.14 195 34 0.78 2.00 76.1 3.80 215 20.5 - - -
WO08 (Wiegner et al., 2008) 0.078 2.2 2.93 0495 1.7 0.81 140 1.9 3153 650 17 64.73

D; is the median diameteyn), o; is the geometric standard deviation, avié; % is the percentage mass fraction of dry particles of
theit" mode. Particle number concentration was calculated from percentage mass fraction by assuming a total mass equglrto 2000
and particle density equal to 2.5 giﬁ]in the first three distributions. For Wiegner et al. (2008), number concentration was converted to
percentage mass fraction of dry particles in each mode.

4 Comparison of sectional parameterization with par-

Table 7. Droplet number agreement between the parameterization™
cel model

and parcel model, for each aerosol type and conditions in Table 2.

4.4.1 Whitby aerosol distribution

Aerosol Type Relative (%) Standard
Error Deviation

: : Figure 8 shows that the parameterized droplet number
Whitby Background (Whitby, 1978)  +5 +12 closely follows closely follows the predicted droplet num-
Whitby Marine (Whitby, 1978) -20 +10 o
Whitby Continental (Whitby, 1978) +2 16 ber from the parcel model for all conditions of Table 2, thus
Whitby Urban (Whitby, 1978) +7 +17 indicating that there are no regions with systematic biases in
CO04 (Clarke et al, 2004) 42 45 the predictions (Fig. 8a average relative error: 0.37%6%,
D87 (D'Almeida, 1987) +8 +12 and, Fig. 8b average relative error; 0.15%/%). Figure 9
098 (Hess et al., 1998) +2 +15 shows the comparison for the predicted droplet number be-
W08 (Wiegner et al., 2008) +4.5 +25 tween the parameterization and the parcel model for individ-

ual Whitby (1978) distributions. An excellent agreement is
apparent, with an average relative error of less than 10% (Ta-
ble 7). The only exception is the case of the marine aerosol
size distribution, where a minor systematic overprediction in
parameterizedV, is observed. According to Barahona and

and Bryy from 0.93 to 2.50. The parcel pressure and tem-Nenes (2007), this bias originates from an underestimation

perature were 900 mbar and 298 K, respectively, and drople?f the droplet size and total surface area for water vapor con-
concentration was computed at 350 m above the cloud bas densation. This in turn underestimates the condensation inte-

activating properties given bygyy and Bepy. Each Kohler
particle has a 50% soluble (NbpSO, and 50% insoluble
material by mass.Aryy was varied between 0.25 and 2.0,

e
gral, thereby resulting in an overestimatiorsjghy, andN,.

4.3 Comparison of sectional against lognormal formu-
lation 4.4.2 Dust size distributions
The sectional formulation is evaluated against the lognormallo test the applicability of this new parameterization to dis-
formulation by comparingV, predicted by the application tributions representative of dust, we performed an exten-
of each formulation to the activation of lognormal aerosol sive analysis on droplet number predictions comparisons be-
size distributions shown in Tables 5 and 6. In applying tween this parameterization and the parcel model on aerosol
the sectional formulation, 75 sections per mode were usediistributions suggested by C04 (Clarke et al., 2004), D87
to discretize the lognormal distributions. The intercompari- (D’Almeida, 1987), 098 (Hess et al., 1998) and W08 (Wieg-

son is shown in Fig. 7, which depicts the parameteriXgd
using the sectional versus the lognormal formulation. Fig-

ner et al., 2008) for the cloud conditions of Table 2.
Figure 10 shows predictions of droplet number concen-

ure 7a compares Whitby (1974) aerosol size distributionsgration for all conditions of parcel updrafts, uptake coeffi-

for @.=0.042, Apyy equal to 0.68, andryy equal to 0.93
while Fig. 7b shows comparisons fag=0.06, Apyy equal

cients, and for different dust distributions, assumitgqy
equal to 0.68, andBryy equal to 0.93. A good agree-

to 2.00, andBrnH equal to 1.00. An excellent agreement ment is observed between the parameterization and the par-
between the two formulations is obtained for all cases conce| model for different updrafts and.=0.042 (Fig. 10a),
sidered ?=0.9998 andk*=0.998), suggesting both formu- ,=0.06 (Fig. 10b), andy.=1.0 (Fig. 10c). The agreement
lations are equivalent. is best at high updrafts (5 nT$, 10ms™2); at low updrafts

www.atmos-chem-phys.net/9/2517/2009/ Atmos. Chem. Phys., 9, 2532-2009
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Fig. 8. Droplet number concentrationy; (m*3), predicted by
parameterization and the parcel model for Whitby (1978) distri-
butions, for the cloud formation conditions of Table 2. Results
are shown for(a) «.=0.042, andApyy=0.68 and Bryn=0.93
and (b) «,=0.06, andAryy=2.0 and BFyy=1.0. Dashed lines
represent25% deviation.

(0.1mst, 0.5ms?) overprediction by the parameterized
N, was observed. This is because of the overprediction in
maximum parcel supersaturatiosyax (Fig. 11), from an
underprediction in droplet size, as explained in Sect. 4.4.1.
The best performance is seen using the W08 (Wiegner et al.,
2008) dust distribution (Fig. 11d). This may be attributed to
smaller median diameters for the W08 (Wiegner et al., 2008)
distribution in comparison to the much larger fraction of par-
ticles greater than 1 micron present in the C04 (Clarke et al.,
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Figure 11 compares parcel maximum supersaturation

smax, between the parcel model and the parameterization fog,, "

parameterization and the parcel model for Whitby (1978) distribu-
tions, (a) Background(b) Marine, (c) Continental, andd) Urban,
for the cloud formation conditions of Table 2. Results are shown
=0.042 and five different combination @fryy and Bryy-.

three different values of accommodation coefficients. Atlow pashed lines represe#25% deviation.

values ofa., a greater overprediction ismax is observed.

Atmos. Chem. Phys., 9, 2517532 2009

www.atmos-chem-phys.net/9/2517/2009/



P. Kumar et al.: Adsorption activation from insoluble CCN 2529

5
‘. +50%
9 ’
10% = ’
R2=0.9821 +25%/ 7"} 5 ., ,
“ o 7/ I o
< 5
0 Ve 4 % 3 >
= 725, -25% £ G- -50%|
ﬁ 7 / g s _ 1
‘T s : o - -7
Q ° — s -
- ° A’ q . -~
[ ° o4 7 s , .- 0
£ g S s 3 . - o 0.042
E 10° 4 7 4 / wE 1 ‘ - - 5
i - 4 0.060
© ] -
o /7 ¥ .- * 1.000 (a)
— / 0
©
‘ 7/ 7 0 1 2 3 4 5
g 7/ 7 + CO04 (Clarke et al., 2004) Smax (%) Parcel Model
k) 7, = D87 (D'Almeida, 1987) 5
2 / +50%
td o+ 50%
/ / A 098 (Hess et al., 1998) Re
V' / 7/ o W08 (Wiegner et al., 2008) (a) c 4 -
107 =< ——r—rrrr r—rrrrrrr 3 ,’
107 108 109 £ , -
- -
N, (m3) Parcel Model § e - 50%
109 4 5 oS- -7
1 R2=0.9909 +25%/ 22 L’ .-
e L 2 -
1 44 7 S i > -~ o
c g . - .
2 P . / =" o 0.042
= 7 -25% .- 4 0.060
o 524 > .- + 1.000 (b)
[] 7, 470 0 T T T T
? s a4
2 L7, 0 1 2 3 4 5
s 108 J x/ Smax (%) Parcel Model
fa E 2.0
© Lt / ] 4
o / ] ,7 +50%
Tz i §
£ o ¢ CO04 (Clarke et al., 2004) T 154 L’
= // / = D87 (D'Almeida, 1987) R R4
v // A 098 (Hess et al., 1998) 2 // s
7 v/ / e W08 (Wiegner et al., 2008) (b) S 101 , 0%
10 vy ————rr o 4 _--"
107 108 109 S 7 P aal
-3 5 g 4 .- ¢
N, (m3) Parcel Model & 0.5 1 , - o 0.042
109 ; " 1 & -~ 4 0.060
] rR2=0.9872 +25% /) 1472~ + 1.000 (c)
Y 4 0.0 , , ,
g /// 0.0 0.5 1.0 1.5 2.0
— . 959 Smax (%) Parcel Model
E s s
£ A // +50%
] Z yAA‘ § 4
£ 8 N AL, £ 151 e
c 10° 4 .0./ / N L,
@ ] r~ o g R
o 7 @ 3
£ ] 4 -50%
‘? / s 1.0 ,l .- -
© ’ _-
E o 7 . cos (Clarke et al., 2004) o Re e
o 7/ = D87 (D'Almeida, 1987 S ’ -7 e
Z 7/ 7 87 (DAlmeida, 1987) 3 051 .~ e * 0.042
/ g A 098 (Hess et al., 1998) & 8 .- - . 0.060
N o W08 (Wiegner et al., 2008) (c) 7 - . 1000 (d)
10 T —rrrr T —r 0.0 ==, —————
107 108 109 0.0 0.5 1.0 15 2.0
N4 (m) Parcel Model Smax (%) Parcel Model

Fig. 10. Droplet number concentration,; (m~3), predicted by the ~ Fig. 11. Parcel maximum supersaturatiomax predicted by the
parameterization and the parcel model for the dust size distributionfarameterization and the parcel model, for thex. conditions of
of Table 6, and the cloud formation conditions of Table 2. Results Table 2, and dust size distributions(af) C04 (Clarke et al., 2004),
are shown forApyp=0.68 andBryp=0.93 and(a) «.=0.042,(b)  (b) D87 (D’Almeida, 1987),(c) 098 (Hess et al., 1998) an(t)

=0.06, andc) «=1.0. Dashed lines represe5% deviation. W08 (Wiegner et al., 2008) fa p=0.68 andBrn=0.93 in all
simulations. Dashed lines repres€f0% deviation
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600 0.6

locity in the cloud parcel is set to 0.5 m% and initial pres-
sure and temperature are 273 K and 600 mbar, respectively.
Figure 12 shows the predicted total cloud droplet number
(blue curve) as a function of FHH todkler particle concen-
tration ratio. Also shown are the contribution odKler (cyan
curve) and FHH (green curve) particles to the droplet num-
ber, as well as the maximum supersaturation (red curve) that
develops in the parcel. At low FHH#hler concentration
ratio, all of the droplets in the cloud parcel originate from
the Kohler particles. As the number concentration of FHH
particles increases, the number of droplets from adsorption
activation increases; the resulting competition for water va-
por depressesnax and slightly decreases the droplet number
forming from Kohler particles. The competition effect how-
ever of FHH particles water vapor is weaker compared to
Fig. 12. Predicted total number of cloud droplets (blue curve) as similar effects from Khler particles (Ghan et al., 1998), be-
a fun_c_tion of FH_H to_K')hIer particle concentration ratio, .for _the cause the amount of water required for activation of the for-
CC').ndItIOI'lS described in Sect. 5. Also shown are _the contribution of . (D/ Dary~1) is smaller than for the lattedy> Dgry).
Kohler (cyan curve) and FHH (green curve) part_lcles to the dropletAS aresult, droplet number may respond much more strongly
number, as well as the maximum supersaturation (red curve) thatt0 increases in EHH aerosol number than féher aerosol
develops in the parcel. T . L
A thorough guantification requires a comprehensive investi-
gation and will be the subject of a future study.
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This consequently results in overprediction in the number of
activated droplets, and manifests because of the underestim%-
tion of surface area available for water vapor condensation

for the largest size of CCN as explained in Sect. 4.4.1. HOW-rps sty presents a new parameterization of cloud droplet
ever, this overestimation in cloud droplet number becomes,mation for an external mixture of soluble particles that ac-
!mportant only fprvery !arge value.f, qf]axt.hat arenotfound 50 according to Khler theory, and, completely insoluble,

in clouds. Inspite of this overprediction in the cloud droplet \etape particles that form droplets through adsorption acti-
number, we flnd_ th_at the average re!atlve error for all dust, ;44 (following FHH adsorption theory). This new param-
representative distributions (Table 6) is well below 10% (Ta- gerization is the first of its kind and is built upon previous
ble 7). work of Nenes and Seinfeld (2003), Fountoukis and Nenes
(2005), and Barahona and Nenes (2007).

Formulation of the parameterization is developed for sec-
tional and lognormal representations of the aerosol size dis-
tribution. To facilitate the analytical development of the
parameterization, we have further developed FHH activa-
In this section, we provide a first evaluation of the poten-tion theory byi) determining the combinations dfryH and
tial impact of adsorption activation on cloud droplet num- Brnn for atmospherically-relavent behaviour, anig, link-
ber. For this, it is assumed that the aerosol is an externaing critical supersaturation with dry diameter using a simple
mixture of Kohler and FHH particles, both of which are de- power law expression, determined from numerical solutions
scribed with a single-mode lognormal size distribution ob- to the FHH equilibrium curves.
tained from in-situ measurements during the NAMMA cam-  The parameterization is tested by comparing predictions of
paign (Twohy et al., 2009). The geometric mean diameterdroplet number ansiax against detailed cloud parcel model
D,, and standard deviation,,, were identical for both par- simulations. The evaluations are performed for a range of up-
ticle types 0,=0.10um, o0,=1.6); the total concentration draft velocity, water vapor uptake coefficient, ambient tem-
of Kohler particles were maintained constant in all simula- perature, relative humidity, parameters of aerosol size distri-
tions, equal to 225 cm?, while the concentration of FHH bution, andAgpy and Bepy. The parameterization closely

Summary

5 On the competition of FHH with K dhler particles for
water vapor

particles was varied from 22.5 to 2250cf The Kohler
particles were assumed to be composed of pure§hB0y,

follows the parcel model simulations with a mean relative
error varying between 2% and 20% depending on aerosol

while size-resolved activation data of Saharan dust (Twohydistribution type with an average relative error of 10% and

et al., 2009) were used to constrain valuesAgf;H(=0.46),
BrnH(=0.85) (through least squares fitting to Eq. 13) for the

FHH particles. In all simulations presented, the updraft ve-

Atmos. Chem. Phys., 9, 2517532 2009

R?~0.98.
Future work is needed to experimentally derive appro-
priate values ofApyy and Bpyn for dust, soot and other
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insoluble atmospheric particles. Once available, the frame¥Fletcher, N. H.: Size effect in heterogeneous nucleation, J. Chem.
work presented here is uniquely placed for addressing ques- Phys., 29, 572-576, 1958.
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