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Abstract. In this work we postulate, implement and evaluate modificetito the “population split-
ting” conceptintroduced by Nenes and Seinfeld (2003) fémdation of water condensation rates in
droplet activation parameterizations. The “populatiolittapg” approximation consists of dividing
the population of growing droplets into two categories:siathat experience significant growth af-
5 ter exposed to a supersaturation larger than their crisiggérsaturation, and those that do not grow

much larger than their critical diameter. The modificationieoduced here lead to an improved ac-
curacy and precision of the parameterization-derived mari supersaturationmax, and droplet
number concentratioryy, as determined by comparing against those of detailed ricahemmula-
tions of the activation process. A numerical computatiotheffirst-order derivative8 Ny /0x; of

10 the parameterizef¥ to input variables¢; was performed, and compared against the corresponding
parcel model derived sensitivities, providing a thorougéleation of the impacts of the introduced
modifications in the parameterization ability to responaévosol characteristics. An evaluation
of the parameterization computation 8f; and smax against detailed numerical simulations of the
activation process showed a relative errordf.0% +6.2% for smax, and—2.7% +4.8% for Ny,

15 which represents a considerable reduction in predictias iihen compared to earlier versions of
the parameterization. The proposed modifications requihg minor changes for their numerical
implementation in existing codes based on the populatibttisg concept.

1 Introduction

During the process of cloud formation, preexisting aerpsaficles act as cloud condensation nuclei
20 (CCN) upon which cloud droplets first form and subsequenthyng Changes in either the amount
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or composition of atmospheric aerosol can alter cloud npisysical and optical properties, indi-
rectly impacting the planetary radiation balance and higdyioal cycle. Aerosol-cloud interactions
constitute some of the most uncertain aspects of anthropogkimate change estimates (Intergov-
ernmental Panel on Climate Change, 2007).

Calculation of droplet number in atmospheric models rezgpiine computation of new droplet for-
mation (i.e., droplet activation), which occurs at subgiédles and its representation is computation-
ally expensive if done explicitly using numerical parceldats. For this reason, parameterizations
of the activation process have been developed. In theseufations, the fraction of atmospheric
aerosol that activates into cloud droplets is determinedificair parcel that ascends with an updraft
velocity, w. These activation parameterizations use a Lagrangiarlpieaedel approach to study
the detailed process of water vapor condensation on thegtigruof growing droplets. A thorough
review of activation parameterizations can be found in Gétaad. (2011). Most of these activation
schemes follow the framework proposed by the seminal wotkaimey (1959) which involves two
conceptual steps. First, the availability of CCN is deterai as function of supersaturation (e.g.,
using Kohler theory or adsorption activation theory, thge with aerosol size distribution and chem-
ical composition), and second, by approximately solvirgjilater vapor balance in the ascending
cloud parcel to determine the maximum supersaturatigg, attained in it. After this is done, the
number of activated cloud dropletdy, is equal to the concentration of CCN with a critical super-
saturationgs., lower thansmax. A number of activation parameterizations have been dpeelasing
this approach (e.g., Feingold and Heymsfield, 1992; Ghah,et393; Nenes and Seinfeld, 2003;
Pinsky et al., 2012), and many have been incorporated inthl @ad regional models to compute
aerosol indirect effects (e.g., Abdul-Razzak and Ghanp260untoukis and Nenes, 2005; Ming
et al., 2006; Shipway and Abel, 2010).

The central problem these schemes need to address is tleetcestimation of the size of the
growing droplets at the time of peak supersaturation. Theleosation rate of water vapor onto
activated droplets in the parcel is proportional to thegraédiameter of the growing droplet popu-
lation, and therefore it plays an important role in definiagy. This task is particularly problematic
for the largest particles in the CCN population. As noted Iy&hg et al. (1997), a portion of the
CCN population, those with relatively low. are “inertially-limited” (Nenes et al., 2001) and their
size does not equilibrate instantaneously with the amtsepersaturation. Therefore, the equilib-
rium assumption is not adequate for computing the sizeshiese particles. This limitation would
likely affect particles larger than approximatéy2 pm in diameter, therefore impacting the coarse
mode as well as a sizable fraction of accumulation modegbesti

Even though coarse mode patrticles typically contribute allsmumber concentration to the CCN
population, they represent an important sink for water vagitectively modulating the parcejax
(e.g., Ghan et al., 1998; Barahona et al., 2010; MoralesnBetat and Nenes, 2013). This means
that even modest increases in either the number or the hympimsty of these large particles can
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cause a significant decreasesdfay, Often leading to lower droplet concentrations (Morales Be
tancourt and Nenes, 2013). Furthermore, because of the ¢amribution of accumulation mode
particles to the total CCN active population, accuratelyoanting for the water uptake of the in-
ertially limited portion of accumulation mode CCN, is of gtémportance in determiningnax and
Ng.

Within the parameterization framework first proposed by &eand Seinfeld (2003), different
approaches have been incrementally adopted to improveabidity to capture the supersaturation
across a large set of conditions. Fountoukis and Nenes J28@&nded this framework to include
the effect of mass transfer limitations in the non-contimuregime through an effective water vapor
accommodation coefficient. Kumar et al. (2009) introdudeahges in the CCN spectra to allow for
adsorption activation. Barahona and Nenes (2007) intredlacframework to account for the im-
pact of entrainment and mixing in decreasing the condenrsadite on the droplets to sub-adiabatic
levels. The prediction alV4 with Fountoukis and Nenes (2005) parameterization is glfyievithin
+20% when compared to parcel model simulations for a wide rangeafsol conditions and ver-
tical velocity, and is capable of reproducing observed @ldtoplet data (Fountoukis et al., 2007;
Meskhidze et al., 2005). However, when the population céfiirally limited” CCN is large, it tends
to slightly overestimatévy andsmax. Barahona et al. (2010) noted this and introduced a novel way
of approximating the condensation rate on the large peastitd better account for their contribu-
tion to depleting the available water vapor. This new apghazorrected the overprediction issue of
Fountoukis and Nenes (2005) in conditions where there igrafgiant presence of large CCN. As
we show in the present work, the modifications by Barahon& ¢2@10) nevertheless overrepre-
sents the condensation rate on large CCN, introducing latsligderestimation aVy andsmax under
specific circumstances.

In this work we introduce modifications to the “populationitimg” concept regarding the com-
putation of droplet size at activation. We first present aftaccount of the concepts leading to the
“population splitting” approach of Nenes and Seinfeld (20@nd then present the proposed modi-
fications. The augmented parameterization is evaluatedimparing computations a¥y andsmax
and their sensitivity to aerosol properties against detgilarcel model simulations.

2 General framework of activation parameterizations

The number concentration of aerosol activated into clowglets, Vg, is the central quantity to be
predicted by activation parameterizations. These panmations typically determine the maxi-
mum supersaturatiosiax developed in an ascending air parcel, and then compytas the subset
of CCN with a critical supersaturation,, less thansmax. The maximum supersaturation is at-
tained when the supersaturation production due to expagsioling is balanced by the water vapor
depletion from condensation. If the parcel is ascending witonstant vertical velocity, its su-



persaturation tendency can be written as (e.g., PruppacdideKlett, 1997),

ds dq

— 1

ar 7( dt > @
where(dg; /dt) is the rate of change of liquid water mixing ratio in the pérge anda and~ are size
independent, slowly varying functions of temperature,chitéan be considered constant during the
activation process (see Appendix A). Since condensatamsfers mass to the droplet population,
the condensation rate in Eq. (1) can be expressed in terntseadroplet growth rate. Ignoring

the effects of curvature and solutes on the equilibrium vapessure of the growing droplets, the
condensational growth of a droplet with diamet®y is given by (Nenes and Seinfeld, 2003),

dD
Podt

P _Gs )

whereG is the mass transfer coefficient of water to the droplets g&uiix A). Sinceg is propor-
tional to the total volume concentration of the droplet pdafian, the condensation rate in Eq. (1)
can be expressed in termsBf, by using the growth rate Eqg. (2),

dg 7 pw /
o 2paG Dy (dy,t)dd, (3)

where D, (dp,t) is the wet diameter at a timeafter in-cloud ascent, of a droplet growing on an
aerosol particle of dry sizé,. Equation (3) indicates that the condensation rate is ptipal to
the integral diameter of the droplet size distribution.rigskodhler theory (e.g., Nenes and Seinfeld,
2003) or adsorption activation theory (Kumar et al., 20@9)etlate the dry size of the aerosd),

to s., the integral in Eq. (3) can be expressed in terms of thecatiSupersaturatios.. Following
Nenes and Seinfeld (2003), the integral diameter (alsoddroondensation integral) in space is
defined here as,

I(O,S)E/Osn(sc)D (sc,t)dse 4)

where the first and second argumentd (m,b), represent the lower and upper integration limits
respectively. The function(s.) is the size distribution of aerosol particles mapped to ftitecal
supersaruration space. Thereforés. )ds. is the number of particles with a critical supersaturation
betweens. ands. +ds.. The maximum supersaturation can be found by settin@t = 01in Eq (1).
Using Eq. (4) and after some manipulation, the supersabmratjuation at the moment of maximum

supersaturation can be written as

SmaxI(O,Smax) =p (5)
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with 8 =2p,aw/(rpwyG). Equation (5) cannot, in general, be solved analyticallye @iameter
of the growing droplets at peak supersaturation is necgssanalculate the condensation integral,
1(0,smax), and still requires a formulation in terms of the dry aeragpé distribution. The “popu-
lation splitting” approach (Nenes and Seinfeld, 2003) pites such framework to approximate the
size of the growing dropletd),,, and computd (0, smax), by “splitting” this integral into the sepa-
rate contributions from two different populations of drefgl. These two populations are identified
by their different asymptotic growth regimes. The fundataénof this approximation are briefly
explained below.

2.1 The “population splitting” concept

A solution to the supersaturation balance Eq. (5) requoespress the condensation rate, propor-
tional to 7(0,smax), in terms of the dry aerosol size distribution and the sizdroplets at the time
of maximum supersaturation,,. The “population splitting” concept is a method to comptte t
integral I(0,smax) Of Eq. (4), by dividing the CCN spectrum into different cateigs. These cat-
egories are defined by the approximation used to estimatedize at the moment of maximum
supersaturation. The first step is to find an appropriatessgpon to estimate the siZg, (s.,t., ) of

a single droplet. This is often done by integrating Eq. (®yrrthe activation timer,_, defined as

s(7s, ) = Sc, to the time whers reaches a maximum, i.e.,
tm
D? =Dy(7s,)* +2G / sdt (6)

Two assumptions, each representing asymptotic growtldjiave been often adopted to obtain an
approximate expression fdp,, in Eq. (6). One such approximation, denoted h@éé), consists

of neglecting droplet growth after activation, and that dhneplet diameter an.x is given by the
critical wet diameteD,., i.e.,DI()l) = Dy(7s.) = Dpc (€.9., Ghan et al., 1993). Using Kdhler theory,
Dy (henceDél)) can be written as a function ef (see Appendix A),

po_24
p 35,

(7)

Although adequate for the smallest CCN, Eq. (7) overesamtie wet diameter when applied to
the largest particles in the CCN population. Due to theie silroplets growing on aerosol particles
with a dry diameter larger thar 0.2um cannot grow in equilibrium with the ambient supersatu-
ration (Chuang et al., 1997). As a consequence of this ‘faldinitation” (Nenes et al., 2001),
these droplets fall far behind their equilibrium diametetlze parcel supersaturation increases, and
therefore application of Eq. (7) leads to a large overegtoneof their size. This in turn leads to
overestimating the condensation rate, biasing and N4 low (Ghan et al., 1993).

Another approximation foD,, in Eq. (6), which we will denote here zﬁff), first introduced by
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Twomey (1959), considers that particle growth after exp@soi their critical supersaturation is the
main contributor to particle size. This approach, effegtivneglects the initial size of the particles
when exposed te., D,(7s.), and considers only the contribution of the growth term in ).
Twomey (1959) further proposed a lower bound for the superagon integral relating it te.,
namely

tm 2 .2
/ sdt — Smax” Sc (8)

2aw

Sc

However, neglectind,, (75, ) can cause a large underestimatiordf, and therefore, of the surface
area for water vapor condensation, particularly for lar@NCWhen this approximation is adopted,
the droplet sizeD,, (s¢,tm) can be found by replacing Eqg. (8) into Eq. (6), i.e.,

G\ 2 1/2
DI()2) = (@) (S?naxf 53) / (9)

Subsequent approaches to the problem have acknowledgenh thetuality both regimes occur
within the same CCN population. Abdul-Razzak et al. (199@niified these regimes based on
the proximity of s. t0 smax, Proposing that for particles with. < smax the growth term was domi-
nant, while for those withs. ~ smax the effect of growth was negligible, and their size was close
their activation size.

Nenes and Seinfeld (2003) further built on the above coscaptl sought to establish specific
criteria for splitting the population of CCN between paegfor which the equilibrium assumption,
D, = Dél), was adequate, and those for which the droplet growth darigd more significantly to
particle size, i.e.D, = D§2). To partition the CCN population between these regimes eNeamd
Seinfeld (2003) determined the valuesspfor which the critical wet diameteb,. was equal to the
growth term after activation, effectively establishing thoundaries between regimes. Solving the
resulting equation, i.eDI(,l) = D§)2) for s., two roots were found to satisfy the equality,

e 1/271/2
11(1 - ) ] (10)

Smax

+
1

Smax \/5

where¢, = (16A%20w/9G)/*. These roots define two different regionssinspace (Fig. 1), one for
which the growth term is larger than the critical diametBé,l() < DI()Q)), and one for whichDy is
larger than the growth termD(" > D{?). In terms of the discriminanh = 1—¢4/s% .. of Nenes
and Seinfeld (2003), two clear regimes arise from Eq. (18f for snax > & (equivalent to the
conditionA > 0), and another fogmax < & (equivalent to the conditio < 0).
When smax > &, both rootSsg are real, and define the boundaries that split the CCN intethr

different populations. For the smallest particles, thoib wax > sc > s;, Dél) > DI(,Q) because the
particles do not have enough time to grow. Owing to the ireveggation betwees, and Dy, those
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particles withs = > s., have such large critical diameters that they cannot beheetby the growth
in Eqg. (9), and therefore, the same inequality holds for théor the CCN population in between,
those withs;,“ > sc > s, , the growth term is larger thaPy.. Finally, whensmax < &, Eq. (10) has
no real solutions reflecting the fact that in this region thgoal diameterDI(,l) is always larger than
the growth term D2 .

Nenes and Seinfeld (2003) used the clues provided by thisifization to define rules for the
estimation ofD,,. For those CCN Withsmax > sc > s;; (termed here population 1)), was approx-
imated byDpc. This is a reasonable assumption since these small partictethe most likely to
equilibrate instantaneously with the ambient superstturgand as discussed before, they have lit-
tle time to grow. For those CCN wit{qf > s. > s, (termed here population 1), approximatimf)
was used. This stills leaves a third population out, thed@@N withs. < s_ . Despite the rules
of Eq. (10) dictate that for this populatiad’" > D', it is well known that in actuality they are
generally not capable of growing at equilibrium, so thezesatsmax is much smaller than theid,..
Using these arguments, the large CCN particles were meaggsdhter into population 1l by using
approximationDéQ) for all particles withs. < s, i.e., discarding;, (Fig. 1a).

The approach was completed by defining an empirically ddiydor the regime wheremay < &
(and Eq. (10) admits only imaginary solutions), this is:

+ 7
Sp _ 2x10 Ag=0-3824
- SmaX

(11)

Smax 3

The population splitting formulation has been shown to hgreat skill in capturing the behavior of
smax Under a large set of aerosol and updraft inputs. The Fourg@ud Nenes (2005) parameter-
ization (FN hereafter) which is based on the framework desdrabove has also been capable of
reproducing observed cloud droplet concentrations (Blgskhidze et al., 2005; Fountoukis et al.,
2007).

2.1.1 Correction for inertially-limited CCN

Based on detailed numerical simulations of the activatimtess, Barahona et al. (2010) noted
that when the activation process occurs in situations ofkwgadrafts, and the aerosol contains
a significant number of large CCN, the FN parameterizatidrib#ted a tendency to overestimate
smax @nd Ny. It was shown that this behavior originated in the assumgtinade regarding the size
of the inertially limited CCN. By analyzing the first-ordeerivatives of the FN parameterization
with respect to input parameters, Morales Betancourt anmtebl€2013) further confirmed a lack of
sensitivity of Ng computed with FN to perturbations in the properties of ceansde particlesi.e., to
number concentration, mode diameter, and hygroscopieitgrpeter. This indicated that although
the total droplet number was not drastically affected byctberse mode aerosol properties, the slight
overestimation ofVy andsmax above mentioned was due to the underestimation of the waperv
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depletion by the large CCN population.

A simple correction term for these “inertially limited” dptets was introduced by Barahona et al.
(2010). As the timescale for large soluble particles (whegsilibrium supersaturation follows
the Kohler Eq. A4) to grow td),c is many times larger than the timescale of cloud formation, a
therefore this size is not reached by the inertially limi@@N, it was proposed that the condensation
rate on this population could be estimated by approximatieg size atsmax with their equilibrium
diameter ak =0, Dy. Using Kohler theory, it can be shown that the equilibriuetwiameter of a
particle when exposed to 100% relative humidity is equabge/+/3 (Barahona et al., 2010). This
third approach to the diameter of the growing droplets isotiethhere b)DI(,3). The correction term
proposed by Barahona et al. (2010), consisted then in adﬁl&??gandef) concurrently to estimate
the size atsmax. This approximation was applied to all the particles with< s;; i.e., to all the
population Il particles depicted in Figure 1a.

In this work we show that the approach of Barahona et al. (RDiH@lvertently overestimates the
size for the population Il particles. Equation (6) b, involves the square root of the sum of the
growth term and the initial size, therefore directly addigh terms results in an overestimation bias
for D,,, and a corresponding overestimation of the contributiadhisfpopulation to the condensation
rate. Therefore, it is necessary to revise the populatibtiisg concept to consistently combine the
contributions from all CCN to the condensation rate.

Up until now our discussion has relied on the assumptiongheicles activate in accordance with
Kohler theory. However, insoluble particles, such as ated mineral dust and volcanic ash, for
which activation follows the adsorption activation the¢Borjamaa and Laaksonen, 2007; Kumar
et al., 2009; Lathem et al., 2011), tend to uptake considielabs water before activation than
Kohler particles. As shown by Kumar et al. (2009), the rdd@iween the critical wet diameter
Dy and the dry aerosol diametdy, for insoluble particles is less than two for most conditions
and this ratio is only weakly dependent on the size of the dyige (see Appendix A). For this
reason, insoluble particles that activate via adsorptiivation are typically capable of growing
at equilibrium with the ambient supersaturation, reachivegr Dyc, and the mechanisms of kinetic
limitations are different than those outlined in Barahohale(2010). Furthermore, the behavior of
insoluble particles as explored by Kumar et al. (2009) atersi that independently of their size, all
insoluble particles are capable of reachiflg;, and the contribution from growth dominates at alll
particles sizes, which implies that the population spigttoncept is not necessary for these particles.
For these reasons, the revision of the population splittorgrept is limited to particles activating in
accordance with Kdhler theory.

2.2 The “population splitting” concept revisited

We aim to improve two main aspects of the parameterizatiaméwork of Nenes and Seinfeld
(2003) and Barahona et al. (2010). First, to better accaumthie size of inertially limited CCN,



so their contribution to supersaturation depletion canummtjfied correctly. The second goal is to
avoid the discontinuity irsg introduced in Eq. (11). Asmax approachesg, from above,sgt from

185 EQq. (10) approaches/+/2. However, the value oﬁ; for smax= & in EqQ. (11) is in general, not
equal tol /+/2. This implies a discontinuity in the calculation of the suoé area of droplets, which
in turn, creates a discontinuity in the parameterizati@po@se in scenarios whesgay shifts from
the smax < & regime, to thesmax > &..

The first goal is attained by recognizing, as Barahona e28lL (), that neitheDI()l) or fo) are
appropriate approximations for the size of the largest C@Niges. However, instead of merging
all CCN with s, < sg in the same population (Population Il in Fig. 1a) we consitiat only the
largest particles, those with. < s, should be approximated as in Barahona et al. (2010), i.e.,
D§,3) ~ Dpc/V/3 (Fig. 1b). Similarly, and to maintain consistency and avoigrestimation of the
water uptakeD,, for CCN with s;; > sc > s, are approximated with Eq. (9)

2A

Dp()l) ~ Dpc(sc) = 35 Se > s; (12a)
G\ 2 1/2
2) 2 2 _
DP ~ (%) (Smax—S2) sy >s.>8, (12b)
. 2A _
Dl(ad) = Dpo(sc) = m Se < Sp (12C)
C

and the integral (0, smax) is naturally split in the different contributions:
Smax[I(OvS;>+I(5;vsg)+1(5;a5maxﬂ =p (13)

The computation of Eq. (13) can be done either discretelggtijting the CCN spectra in sections

190 or bins (e.g., Nenes and Seinfeld, 2003; Fountoukis and $§{&®95), or continously, if the CCN
spectra can be written as a lognormal distribution (e.gunff@ukis and Nenes, 2005; Barahona et al.,
2010).

The second goal is achieved by defining the partition supaaion for smax < & such that it
transitions smoothly to the regime where CCN is completelyihated by inertially limited parti-
cles. Noting that asmax— &, both roots become identicsl‘lf =s5, and both approach the value
1/4/2, we defines,, as:

sy 24%107

Smax 3

. . 1
(5525824 _ 5‘;0.5824> 4+ (14)

V2

which maintains the same empirically-derived dependencgg, but solves the discontinuity issue
in the original framework of Nenes and Seinfeld (2003). Fitbie expression, the vanishing of the

195 term I(s;,sg') emerges naturally fosmax < &, since both roots collapse to the same value. The
regions where each approximation should be used are ddjmickeg. 1b.



200

205

2.3 Numerical implementation

The modifications proposed here can be implemented in tisirxiBarahona et al. (2010) frame-
work without the need of any major changes. Using the funsti@(0,sy,) and Iz (sp,smax) Whose
formulas are given in Nenes and Seinfeld (2003) for seckja@mal in Fountoukis and Nenes (2005)
for lognormal aerosol size distribution (see AppendixB}), smax) is simply given by the following
expression,

1(0, 8max) = %IQ(O,S;)Jr [Il (0,53) -0 (0,5;)] +Ig(s;r,smax) (15)

which can be implemented with minimal adjustments to coldasuse the original population split-
ting concept. This expression can be extended to the fotianlaf Barahona and Nenes (2007) that
includes the effects of entrainment and mixing in the sugtaration development. If subsaturated
air entrains the air parcel at a fractional entrainment fatine condensation rate onto the droplets
is reduced, and Eq. (5) transforms to

5maxI(0,5max) = 6(1 - M/Mc) (16)

wherey, is the “critical entrainment rate” defined in Barahona and&&(2007) as the entrainment
rate that prevents the cloud parcel to generate water vajpersaturation, and is given by

17)

o ( LVMWAT) -1
He 1-

“1-RH RT?

where RH is the relative humidity of the entrained air, &l =7 — 71" is the difference between
the parcel and entrained air temperatures.

3 Results

In this section we present the results of an evaluation oprameterization performance against
predictions ofsmax and Ny computed with a detailed numerical parcel model of the coadton
growth of droplets. Three different versions of the pararization framework of Nenes and Sein-
feld (2003) are evaluated here: the Fountoukis and Nend}5§26N, the Barahona et al. (2010),
BN, and finally, the new parameterization proposed in thizepa

3.1 Aerosol and updraft velocity fields

The augmented parameterization presented in this workesisd against computations8f; and
smax from a detailed numerical parcel model of the condensaltgmuavth of droplets (Nenes et al.,
2001). In order to explore the parameterization in the dionb typically encountered in a GCM

10
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simulation, we employed off-line annual average aeroslldiand cloud-scale vertical velocity from
a climatological simulation performed by Morales Betant@md Nenes (2013) with the Commu-
nity Atmospheric Model 5.1 (CAM5.1). The simulations capend to present-day aerosol emis-
sions from the Lamarque et al. (2010) emission inventoryMBA includes a 3-mode lognormal
aerosol model, MAM3 (Liu et al., 2012). The aerosol fieldsdusethis study correspond to the
930hPa pressure level, and include only the grid cells betweeéh\Nand 75 S, totaling 9504 in-
stances of aerosol size distributions, chemical composiéind updraft velocity, each corresponding
to one of the model gridcells considered. The fields usedite@ dihe parameterization and parcel
model simulations include the aerosol number concentrdtipeach lognormal mode,,,, the hy-
groscopicity parametes,, , and the geometric mean diamedgy, for each mode. The hygroscopic-
ity parameter is computed in CAMS5.1 from the chemical conitpmsof the aerosol. Accumulation
mode aerosol includes six aerosol species (sulfate, pyiarat secondary organic matter, black car-
bon, sea salt, and dust). The Aitken mode contains sulfatenglary organic aerosol, and sea salt.
The coarse mode includes sulfate, sea salt, and dust. Tdeetiraverage cloud-scale vertical ve-
locity, w, was used as input for the simulations. The CAM aerosol fiatdsdescribed in detail by
Liu et al. (2012). The ranges over which the parameters ofgieaerosol fields are explored in this
work are reported in Table 1.

3.2 Cloud parcel model configuration

A numerical solution to the equations describing the cosdgonal growth of a population of
droplets was performed with a numerical cloud parcel modéie details of the model can be
found elsewhere (e.g., Nenes et al., 2001), but we include &elescription of the configuration
used in this work. The modeling framework is that of an adi@bzagrangian air parcel moving
vertically with a constant updraft velocity. The state of the air parcel is described by its temper-
atureT’, pressure, and the mixing ratios of liquid water and water vapgrandgq,, respectively.
The droplet population is separated into size bins, withcreter diameter of each bin allowed to
grow or shrink as the condensation or evaporation procesepds. The water mixing ratig is

expressed as

TP 3
t)=—— N;D 18
a(t) 6pa§ ; (18)

%

whereN; is the number of droplets in the size categargndD,,, is the size of the droplets in size
categoryi at timet. The mass transfer from the vapor to the droplets is exlyficiticulated using the
droplet growth equation. In this application, 35 logaritbatly spaced size bins were employed for
each lognormal mode, totaling 105 size bins. The binnindwkensures that 99.5% of the particles
in each lognormal mode are accounted for in the simulatianin#ial condition it was assumed that
the wet aerosol particles were at equilibrium with a 90% ambielative humidity. In order to be

11
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consistent with the approach taken in the parameterizadidnoplet is considered to be activated if
their critical superasturatios is lower than the maximum supersaturatigny. Overall, the parcel
model solves equations for the droplet size for each sizelbjn, temperaturd’, pressurey, and
supersaturation. The updraft velocityw was assumed constant in these integrations.

3.3 Parameterization evaluation

As shown by Morales Betancourt and Nenes (2013), the fidgraterivatives of the parameterized
Nq with respect to input parameters are useful in understarttiia parameterization ability to re-
spond to perturbations to the input variables. Therefoiition to evaluating the parameterized
Nq andsmax against those of parcel model simulations, we also perfdroaéculations of the first-
order derivatives of the parameterizd{ with respect to any input variable;, 9Nq/Jx;. These
sensitivity calculations were then compared against filifference approximation to the derivatives
with the numerical cloud parcel model. We report the meatefrelative erroe and the standard
deviation of the errors. between parameterization predictiong\of andsmax, and those computed
with the parcel model. We performed this analysis for eadh@®®504 cases considered.

The results show a significant improvement in the accuradypacision of the parameterized
Ny and smax values, without any appreciable increase in the computaticost. Table 2 summa-
rize the results of the performance evaluation for the veriparameterizations considered here.
Figure 2a and 2b show the distribution of errors $ggx and Nq for FN and BN. When FN was
used, the relative error ismax Was on average-31% +25% while in Nq was of +7.8% +9.7%.
Both numbers indicate a moderate overestimation in bottdfifdr the conditions explored. The
same analysis for the Barahona et al. (2010) parametenizatiows a relative error fofyax of
—24%+ 7%, andNq of —10% +7.8%, showing a small underestimation of both fields under the
conditions explored in the simulations ( 2). For both fieldsre is a marked decrease in both the
average error (a measure of parameterization bias) ane idisipersion of the errors (a measure of
the parameterization accuracy). Figure 3 shows the rasiitli® comparison betwee¥; computed
with the parameterization developed in this work and theglamodel. The relative error when
applying the modifications proposed in this work was considly lower, being-6.0% + 6.2 % for
Smax, @nd—2.7%+4.8% for N4. The errors of the sensitivity to total aerosol perturb@tibV, /dn.,
computed with the parameterization presented here andtétparcel model exhibited a decrease
in the bias as that shown by, andsmax (Table 2).

A summary of the mean relative errors of the sensitivitiég; /0x ; for the Barahona et al. (2010)
and for the parameterization presented in this work are sliowig. 4. The modifications introduced
here result in a higher sensitivity to aerosol number cotraton when compared to BN for the
3 modes considered. Figure 4a suggests that most of the vempent in the ability to predict
Smaxs» Na, anddNg/dn,, is due to a better representation of the response to acetioumode
particles. As such the mean error 8N, /n,, of the accumulation mode went from an average of
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—9.4% for BN, to only —0.6%. Since this mode represents the bulk of the CCN populatign an
changes to the representation of its water uptake have igneatt onsmax and Nq. Figure 4 also
shows that the magnitude of the mean errors for the Aitkente@éccumulation mode sensitivity
to na, ka, andd, are smaller for the parameterization presented here. Mwless, it can also be
seen that the modifications introduced here result in anestienation of the sensitivities of these
variables for the coarse mode particles. The sensitivit¥oto «,, andd,, show the ability of the
parameterization to respond to changes in the chemical asitign of the aerosol and to the total
aerosol volume. Both quantities, the hygroscopicity pat@mand the aerosol size, directly impact
the critical supersaturation. Therefore, changes in tpasameters have an impact on the water
vapor sink, and control the maximum supersaturation atthin the parcel.

4 Summary and conclusions

The “population splitting” concept of Nenes and Seinfel@(2) and Barahona et al. (2010) was
further developed to consistently account for the cond@émsaate of inertially-limited CCN. The
modifications to this parameterization framework were ghéwvimprove the accuracy and preci-
sion for predictions of maximum supersaturatigfy, and cloud droplet number concentrativg.
Similarly, the sensitivity of the parameterizd to aerosol number concentratiatiVy /dn,, was
found to be in better agreement when compared to detailecgtricahsimulations of the activation
process. The first-order derivativ@d’y /0 ; of the parameterizetfy where also compared against
numerical parcel model estimates. This analysis showedhbanodifications presented here result
in a more consistent response to perturbations to the deaistics of Aitken and Accumulation
mode particles, while revealing a slight overrepresematif the response to coarse mode aerosol
properties. Implementation of these modifications to theutetion splitting framework is straight-
forward and does not require any major modifications to thevipus formulations. This minor
code change comes at no additional computational expemdgraduces virtually identical results
to a numerical parcel model, both in terms/éf and sensitivitie$)Nq/0x;. The impact of these
changes is expected to be larger in environments dominatddghly hygroscopic coarse mode
aerosol, such as marine environments far from pollutiorrces) as well as regions with a large

number of accumulation mode particles.

Appendix A Notation

The functionsy and~ from Eq. (1) are given by,

gLVMW gMa
_ _ AL
T RT? RT (A1)
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and,

LM, M.p
VT RT? T Myes’

(A2)

whereT is the temperature of the air parcel,is the saturation vapor pressuges the gravitational
300 constantL, is the latent heat of vaporization of wateg,is the heat capacity of aif?, the universal
gas constant, andl/, and M, are the molecular weights of air and air respectively.
The functionG in the droplet growth equation is given by,

G=4

WwRT  Lypw Ly My -1
ot (G )

esD M, ' kT \ RT (A3)

wherep, andp,, are the density of air and water respectivély, is the water vapor diffusivity, and
k. is the thermal conductivity of air. The equation describiing equilibrium supersaturation over
the surface of a water droplet containing a solute is givethbyKohler equation,

A&

wherek is the hygroscopicity parameter (Petters and Kreidenv2€i87), and the coefficiet is
related to the droplet surface tensieras A = 4M,,0/RT. The critical supersaturation, i.e., the
maximum of Eq. (A4), also defines the critical diamel®ge, seq(Dpc) = sc. By settingdseq/d D), =
0 and solving forD,, it can be seen that the critical diameter is related.t@s Dpc = 2A4/3s..
Similarly, the dry diametetl, can be related to its corresponding critical supersatumati, (e.g.,
Seinfeld and Pandis, 2006),

4A5 1/2 .

The power law relationship betwegpandd,, of Eq. (AS) implies thatDpc grows as:lf/2 for soluble

particles (following Kohler theory), and the rati,./d,, increases with aerosol size asiIl/Q. For
insoluble particles such as dust, a few layers of water nutds@re adsorbed onto the aerosol surface

305 at subsaturated conditions, resulting in equilibrium wiatrteters that are similar to the dry aerosol
diameter. Kumar et al. (2009) derived a relation equivaleritq. (A5) for insoluble particles, and
expressed it as. ~ cd*, with ¢ andx being empirically derived quantities. The exponemanges
between 0.8 and 1. This value for the exponefur insoluble particles implies that the ratiey./d,
decreases slightly with increasidg.

14



310 Appendix B Summary of changes in existing codes

The conceptual approach for all the parameterization dism here involve the same steps and
require an iterative solution of Eqg. (5). Fundamental todbmputation ofN, is to determine the
number of particles that would activate as a function of ssgteration Nccn, and is represented by
a cumulative CCN spectrutfi(s). In the case were the aerosol size distribution is deschied,
lognormal moded(s) is given by,

F(s)=)_ gerfc(ui(s)) (B1)

%

where erf¢z) =1 — erf(x) is the complement error functiom,, is the number of modes in the
aerosol size distribution, and,, is the number concentration corresponding to modde function
u; is given by,

o 2In(sg,/s)
z(s)_ 3\/51110'% (Bz)

wheres,, is the critical supersaturation corresponding to the geéoomean diameted,, of the
mode.

The conceptual steps in the solution are as follows:

1. Guess an initial value fofmax.
315 2. Computét, = (16A%20w/9G)/* (or equivalentlyA =1 — &4 /s ).
3. Evaluate, (or A) to determine the corresponding partitioning supersa'nnas;)i.
4. Compute the integrdl(0, smax)-
5. Evaluate the expressiosax! (0, Smax) <5 (Eq. 5).
6. If convergence is met in step 5y = F'(smax). If convergence is not met, repeat steps 1 to 5.

320 Existing parameterization codes involve minimal changesteps 3 and 4 alone. We specifically ad-
dress the necessary changes to codes that follow the Fdimémd Nenes (2005) and the Barahona
et al. (2010). Alternatively, codes are available upon estjto the authors.

This formulation of Fountoukis and Nenes (2005) involvesd¢hmputation of only one partition-
ing supersaturatiom;;, corresponding to the larger of the two roots in Eq. (10} F smax thens;r
is computed from the positive root in Eq. (10).£f < smax thens;r computed using Eq. (11). The
integrall (0, smax) takes the form:

1(0,8max) = [Il(O,s;)JrIg(s;,smax)} (B3)
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325

where for lognormal aerosol,

1.0 Ny, G /2 fol 9i [ Sg; 2f _ 3lno; B4
10250) =55 () s erelus(s,)) - 5 (22 ) erto(w(op) + 52 ) | @)

IQ(SIM ;51)2) = %ng,ki [erf(ui(sm )— %) —erf (uz(sm) - %)} (B5)

with g; = exp(3In°(0;)), k; = exp(21n*(0;)), and Dy, = 24/3s,, is defined as the critical wet
diameter corresponding to the geometric mean dianagtdor modes.

Computation of the partitioning supersaturation follogvithe correction for inertially limited
CCN by Barahona et al. (2010) is identical as in the Fountakid Nenes (2005). The integral

1(0,smax) however involves an extra term, and takes the form,

1
1(0,8max) =11 (0,57 ) + T2 (s, smax) + —=12(0,57}) (B6)

V3
where the extra termz(o,s;;)/ﬂ can be derived from Eq. (B5),

n; Dy, k; {erfc (ui(sp) — &\/;)] (B7)

The modifications introduced in this manuscript involve toenputation of the partitioning super-

IQ (O,Sp) =

saturations;,t. This computation is done in the following way,

« > Smax— s+ from Eq. (10
Sg _ § max P g. (10) (B8)
£e < smax—> s;, from Eq. (14)

Computation of the integrdl(0,smax) can be achieved by applying Eg. (15) using the expressions
provided in Egs. (B4), (B5), and (B7).

Acknowledgements. We thank the DOE EaSM program for funding that supported dsearch carried out
in this manuscript. Authors would like to thank Dr. Donifaraf@hona for his valuable discussions on the

manuscript.

16



330

335

340

345

350

355

360

365

References

Abdul-Razzak, H. and Ghan, S.: A parameterization of a¢astivation: 2. Multiple aerosol types, J. Geo-
phys. Res., 105, 6837-6844, 2000.

Abdul-Razzak, H., Ghan, S., and Rivera-Carpio, C.: A patanmation of aerosol activation: 1. Single aerosol
type, J. Geophys. Res., 103, 6123-6131, 1998.

Barahona, D. and Nenes, A.: Parameterization of cloud dtdpkmation in large-scale models: Including
effects of entrainment, J. Geophys. Res., 112, D16 2061@di029/2007JD008473, 2007.

Barahona, D., West, R., Stier, P., Romakkaniemi, S., HakKdl, and Nenes, A.: Comprehensively accounting
for the effect of giant CCN in cloud activation parametetimas, Atmos. Chem. Phys., 10, 2467-2473, 2010.

Chuang, P. Y., Charlson, R. J., and Seinfeld, J. H.: Kinétiitdtions on droplet formation in clouds, Nature,
390, 594-596, 1997.

Feingold, G. and Heymsfield, A.: Parameterizations of casdgonal growth of droplets for use in general
circulation models, J. Atmos. Sci., 49, 23252342, 1992.

Fountoukis, C. and Nenes, A.: Continued development ofedativoplet formation parameterization for global
climate models, J. Geophys. Res., 110, D11212, doi:10/2028JD005591, 2005.

Fountoukis, C., Nenes, A., Meskhidze, N., Bahreini, R., @anW. C., Jonsson, H., Murphy, S., Sorooshian,
A., Varutbangkul, V., Brechtel, F., Flagan, R. C., and SalahfJ. H.: Aerosol — cloud drop concentration
closure for clouds sampled during the International Caisorfor Atmospheric Research on Transport and
Transformation 2004 campaign, J. Geophys. Res., 112, Dl @8810.1029/2006JD007272, 2007.

Ghan, S., Chuang, C., and Penner, J.: A parameterizatiolowd droplet nucleation. Part I: Single aerosol
type, Atmos. Res., 30, 198-221, doi:10.1016/0169-8095(R4-1, 1993.

Ghan, S., Guzman, G., and Abdul-Razzak, H.: Competitiowden sea salt and sulfate particles as cloud
condensation nuclei, J. Atmos. Sci., 55, 3340-3347, 1998.

Ghan, S., Abdul-Razzak, H., Nenes, A., Ming, Y., Liu, X., @imikov, M., Meskhidze, N., Xu,
J., and Shi, X.: Droplet nucleation: physically-based peeterization and comparative evaluation,
J. Adv. Model. Earth. Syst., 3, D10S30, doi:10.1029/201 0074, 2011.

Intergovernmental Panel on Climate Change, .: Fourth Assest Report: Climate Change 2007: Working
Group | Report: The Physical Science Basis, Geneva: IPQE./mtww.ipcc.ch/ipccreports/ard-wgl.htm,
2007.

Kumar, P., Sokolik, I. N., and Nenes, A.: Parameterizatibalaud droplet formation for global and regional
models: including adsorption activation from insoluble KC@&tmos. Chem. Phys., 9, 2517-2532, 2009.

Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Hail, Klimont, Z., Lee, D., Liousse, C., Mieville,
A., Owen, B., Schultz, M. G., Shindell, D., Smith, S. J., $ésh E., Van Aardenne, J., Cooper, O. R.,
Kainuma, M., Mahowald, N., McConnell, J. R., Naik, V., RigKi, and van Vuuren, D. P.: Historical (1850-
2000) gridded anthropogenic and biomass burning emissibreactive gases and aerosols: methodology
and application, Atmos. Chem. Phys., 10, 7017-7039, 2010.

Lathem, T. L., Kumar, P., Nenes, A., Dufek, J., Sokolik, I, Nail, M., and Russel, A.: Hygroscopic properties
of volcanic ash, Geophys. Res. Lett., 38, d0i:10.1029/&01147298, 2011.

Liu, X., Easter, R. C., Ghan, S. J., Zaveri, R., Rasch, P., ShiLamarque, J.-F., Gettelman, A., Morrison,
H., Vitt, F., Conley, A., Park, S., Neale, R., Hannay, C., BkmA. M. L., Hess, P., Mahowald, N., Collins,

17



370

375

380

385

390

395

Table 1. Size distribution parameters for the 3-modal aerosol siggilution used for evaluation of the pa-
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Table 2. Summary of comparisons against parcel model simulatiopsesged as+ o..

Activation Smax Ny dNg/dn,
Parameterization

Fountoukis and Nenes (2005) FN +31%+25% +7.8%+9.7% +8.7%+30.2%
Barahona et al. (2010) BN —24%+7%  —-10%+7.8% —19.5%+17.6%
This work —6.0%+6.2% —27%+4.8% —93%+12.1%
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Fig. 1. The “partitioning supersaturations% illustrated in thes.—smax Space.(a) The sc—smax Space as used
in Nenes and Seinfeld (2003) and Barahona et al. (2010)(l@res used in this study. The example here is for

a vertical velocityw = 0.1 ms™*.
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Fig. 2. Histogram of the frequency of occurrence for the relativerer =1 — xparany/ xpm, Wherexparamis the
parameterized value, angw is the value from parcel model simulation(®) for the droplet numbeiNy, (b)
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Fig. 3. Comparison between parcel model simulations and paraizegien results. Blue circles correspond to
continental aerosol while red stars are for marine aerd@d@.inset is an histogram of the relative error between
parcel model and parameterization derivég
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Fig. 4. Mean relative percent errar, between sensitivities computed with the detailed parcelehsimulations
and the parameterization results. Comparisons are shawrfdiga) sensitivity to aerosol numbérNg /on.,,

(b) sensitivity to the hygroscopicity paramet@N4 /Jk.,, (C) sensitivity to aerosol geometric mean diameter
ONq/0d,,. Comparisons are shown for the BN parameterization ancethéts of this work. Subindices follow
the notation of Table 1.

21



