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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. T ulationsplitting” approximatiorconsistsof dividin
thepopulationof growingdropletsinto two categoriesthosethatexperiencaignificantgrowthafter

exposedo a supersaturatiofargerthantheir critical supersaturatiorandthosethat do not grow
muchlargerthantheir critical diameter.The modifications introduced 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 ricaheimula-
tions of the activation process. A numerical computatiotheffirst-order derivative8 Ny /0x; of

the parameterized, 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 responciéposol characteristicsin evaluation

of the parameterizatiowomputationof V4 and smax againstdetailednumericalsimulationsof the
activationprocessshoweda relativeerror of —6.0% +6.2% for s and —2.7%+£4.8% for N,

which represents considerableeductionin predictionbiaswhencomparedo earlierversionsof
the parameterizationThe proposed modifications require only minor changes feir thumerical

implementation in existing codes based on the populatibtisg concept.
1 Introduction

During the process of cloud formation, preexisting aerpsaficles act as cloud condensation nuclei
(CCN) upon which cloud droplets first form and subsequenttyyng 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 anthropogkmate 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 subgiéles and its representation is computation-
ally expensive if done explicitly using numerical parceldets. 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 Lagrangiarlpiaedel approach to study
the detailed process of water vapor condensation on thelgtigouof 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 deterali 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-
saturations., 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 @Qd 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 ly&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 approximatéy 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 vagftectively 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 hygpimsty 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 ¢amfribution 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-contimuegime 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 condeorsadite on the droplets to sub-adiabatic
levels. The prediction alV4 with Fountoukis and Nenes (2005) parameterization is glfgievithin
+20% when compared to parcel model simulations for a wide rangenfsol 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 peagtdb 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 “populatiotitimg” 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 dedgilarcel model simulations.

2 General framework of activation parameterizations

The number concentration of aerosol activated into clowgpléts, Ny, 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),

oy (‘3‘{;) (1)
where(dg; /dt) is the rate of change of liquid water mixing ratio in the p&rge 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 epiix A). Sinceg is propor-
tional to the total volume concentration of the droplet gdafian, the condensation rate in Eq. (1)
can be expressed in termsBf, by using the growth rate Eqg. (2),

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

where D, (d},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 ptopal 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)etiate 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. Thdunctionn(s..) is the sizedistributionof aerosolparticlesmappedao the critical
supersaruratiospace.Thereforen (s, )ds. isthenumberof particleswith acritical supersaturation

betweers, ands. +ds.. Themaximum supersaturation can be found by setdinglt = 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,cw/(mp,yG). Equation (5) cannot, in general, be solved analyticallize Biame-
ter of the growing droplets at peak supersaturation is rsacgdo calculate the condensation inte-
gral, I(0,smax), and still requires a formulation in terms of the dry aerasipk distribution. The
“population splitting” approach (Nenes and Seinfeld, 200®vides such framework to approxi-

matethe size of the growing droplets, D, and computd (0, smax), by “splitting” this integralinto
by-dentifyingdifferentasymptoticregimesandis-briefly explained below.

2.1 The “population splitting” concept

A solution to the supersaturation balance Eq. (5) requivesxpress the condensation rate, pro-
portional to7(0,smax), in terms of the dry aerosol size distribution and the sizeroplets at the

time of maximum supersaturatiof),. The “populationsplitting” conceptis a methodto compute
supersaturatiorThefirst stepis to find anappropriatexpressiono estimatahe Foestimatehesize

Dy (se,tm) Of asingledroplet. Thisis oftendoneby integrating-Eq. (2)is-efteninrtegratedrom the
activation time,,_, defined as (7, ) = s, to the time whers reaches a maximum, i.e.,

tm
D2 =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 dneplet diameter amnax 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),

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 sifroplets growing on aerosol particles
with a dry diameter larger thax 0.2pum 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



105

110

115

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 underestimatiord®f, 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 Eg. (8) into Eq. (6), i.e.,

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

Subsequent approaches to the problem have acknowledgeth 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 with. ~ smax the effect ofef-growth was negligible, and their size was close
to 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 pdegfor which the equilibrium assumption,
D, = Dél), was adequate, and those for which the droplet growth darigd more significantly to
particle size, i.e.pD, = D§2). To partition the CCN population between these regimes esamd
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

+
o 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. (18% for snax > & (equivalent to the
conditionA > 0), and another fosmax < &. (equivalent to the conditiot < 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 Eq. (9), and therefore, the same inequality holds for thEor the CCN population in between,
those withs;,“ > sc > s, the growth term is larger thaPp.. Finally, whensmax < &, Eq. (10) has
norealsolutions reflecting the fact that in this region the critidjameteer(,l) is always larger than
the growth term 2.

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 theesatsmax 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., discardings;, (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 activaticotgss, 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 parameterizatidrit#ted a tendency to overestimate
smax @ndNy. It was shown that this behavior originated in the assumgtinade regarding the size
of the inertially limited CCN. By analyzing the first-ordeerdvatives 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 byciberse 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 correctioriermfor these “inertially limited” droplets was introduced byagihona 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 formatom
thereforghis sizeis notreachedy theinertially limited CCN, it was proposed that the condensation
rate on this population could be estimated by approximatieg size atsmax with their equilibrium
diameter at =0, D,. Using Kohler theoryit canbe shownthatthe equilibriumwetdiameterof a

equal tonC/\/??(BarahonaetaI.,2010 histhird approactio thediameteiof thegrowingdroplets
—ahdis denoted here bXDI(f). The correctionterm proposedby Barahona et al. (2010¢onsisted

thenin adding D and D> concurrentlyto estimatethe size at smay. This approximatioriFhis

efHargeCCNarepresentwas applied to all thearticleswith s, < 55, i..,to all the population Il
particlesdepictedn Figurela.

—In this work we show that the approach of Barahona et al. (R0tE@Ivertently overestimates
the size for the population 1 particlbyraddmngz—)anngg—)eene%remMees%Hﬂa%&hei%a{
smax. EQuation (6) forD,, involves the square root of the sum of the growth term andrthiali size,
therefore directly adding both terms results in an overestion bias forD,,, and a corresponding
overestimation of the contribution of this population te tondensation rate. Therefore, it is nec-
essary to revise the population splitting concept to coesiy combine the contributions from all
CCN to the condensation rate.

Up until nowour discussiorhasreliedontheassumptiorthat-wehaveassumedgbarticles activate
in accordance with Kohler theory. However, insoluble jgéat, such as uncoated mineral dust and
volcanic ash, for which activation follows the adsorptiartivation theory (Sorjamaa and Laakso-
nen, 2007; Kumar et al., 2009; Lathem et al., 2011), tend tekgconsiderably less water before
activation than Kohler particles. As shown by Kumar et aD@9), the ratio between the critical
wet diameterD,. and the dry aerosol diametéy for insoluble particles is less than two for most
conditions, and this ratio is only weakly dependent on tlze sif the dry particle (see Appendix
A). For this reason, insoluble particles that activate dsaaption activation are typically capable of
growing at equilibrium with the ambient supersaturati@aahing theiDp, and the mechanisms of
kinetic limitations are different than those outlined inrBaona et al. (2010). Furthermore, the be-
havior of insoluble particles as explored by Kumar et al0@0dconsiders that independently of their
size, all insoluble particles are capable of reacting and the contribution from growth dominates
at all particles sizes, which implies that the populatiolittipg concept is not necessary for these
particles. For these reasons, the revision of the populafditting concept is limited to particles
activating in accordance with Kohler theory.
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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 canummntjfied correctly. The second goal is to
avoid the discontinuity img introduced in Eq. (11). Asmax approaches. from aboveheright, sg
from Eq. (10) approachds’ v/2. However, the value os‘;; for smax= & in EQ. (11) is in general, not
equal tol /v/2. This implies a discontinuity in the calculation of the suré area of droplets, which
in turn, creates a discontinuity in the parameterizati@po@se in scenarios whesgax shifts from
the smax < & regime, to thesmax > &..

The first goal is attained by recognizing, as Barahona eRalL ), that neitheDél) or Dp(f) are
appropriate approximations for the size of the largest C@Niges. However, instead of merging
all CCN with s. < s;; in the same population (Populatidh+-in Fig. 1a) we consider that only
the largest particles, those with < s, should be approximated as in Barahona et al. (2010), i.e.,
D§,3) =~ Dpc/\/ﬁ (Fig. 1b). Similarly, and to maintain consistency and avoigrestimation of the
water uptakeD,, for CCN with s > s. > s, are approximated with Eq. (9)

DI()I) ~ Dpc(sc) = ;—i 8> s;f (12a)
D{¥) ~ Dpo(sc) = % $c< 8, (12c)

and the integral (0,smax) is naturally split in the differentontributionsempenents
smax [ 1(0,5, ) +1(sy s )+ (s smax)] = B (13)

The computatiorof Eq. (13) canbe doneeitherdiscretely by splitting the CCN spectran sections

or bins (e.g., Nenes and Seinfeld, 2003; Fountoukis and Nenes,) 2008ontinously,if the CCN
spectracanbewrittenasalognormaldistribution(e.g., Fountoukis and Nenes, 2005; Barahona et al.,
2010)

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

sy 2Ax107

. - 1
- . (s ()‘3824_5 ().5824)_,’__ (14)
max

max C \/5

which maintains the same empirically-derived dependencgg, but solves the discontinuity issue
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in the original framework of Nenes and Seinfeld (2003). Fitbia expression, the vanishing of the
term (s ,s}) emerges naturally fosmax < &, since both roots collapse to the same value. The
regions where each approximation should be used are déjickgg. 1b.

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 funetie(0,s,,) andIz(sy,smax) Whose
formulas are given in Nenes and Seinfeld (2003) for sectj@mal in Fountoukis and Nenes (2005)
for lognormal aerosol size distribution (see AppendixB)), smax) is sSimply given by the following

expression,

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

which can be implemented with minimal adjustments to coldasuse the original population split-
ting concept. This expression can be extended to the fotionlaf 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 fatidne 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 vapersaturation, and is given by

17)

o ( LVMWAT) -
He 1-

“1-RH RT?

where RH is the relative humidity of the entrained air, &l =7 — 7" is the difference between

the parcel and entrained air temperatures.

3 Results

In this sectionwe presenthe resultsof an evaluationof the parameterizatioperformancegainst
redictionsof smax and Ny computedwith a detailednumericalparcelmodelof the condensation

rowth of droplets. Threedifferentversionsof the parameterizatioframeworkof Nenes and Sein-
feld (2003)are evaluatechere: the Fountoukis and Nenes (20QF)N, the Barahona et al. (2010)

BN, andfinally, the newparameterizatioproposedn this paper.

10
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210 3.1 Aerosoland updraft velocity fields

The augmented parameterizatipresentedh this work was tested against computations\af and
smax from a detailed numerical parcel model of the condensaltgnmuavth of droplets (Nenes et al.,
2001). In order to explore the parameterization in the dionb typically encountered in a GCM
simulation, we employed off-line annual average aeroslold@ndcloud-scaleverticalvelocity from
215 a climatological simulation performed by Morales Betamt@mnd 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 modefMAMS3 (Liu et al., 2012). The aerosol fieldsisedin this studycorrespond to the
930hPa pressure level, anohcludeonly the grid cells between 73N and 75 Swereused total-
220 ing 9504 instances of aerosol size dlstrlbu'mmmwww%ﬂ@@yggggwg@
correspondingo one of the modelgridcellsa
cellconsidered. Théeldsusedto drive the parameterizatioandparcelmodelsimulationsinclude
theaerosohumberconcentratiorfor eachlognormalmode.n,,, thehygroscopicityparametery,, .
andthe geometricmeandiameterd,,, for eachmode. The hygroscopicityparametefs computed
225 in CAMS. 1 from thechemicalcompositiorof theaerosol Accumulationmodeaerosoincludessix

thesimulations.The CAM aerosofieldsaredescribedn detailby Liu et al. (2012) Theranges over
230 which theparametersharacteristicsf the test aerosol fields agxploredin this work arereported

in Table 1.

3.2 Cloud parcel model configuration

A numericalsolution to the equationsdescribingthe condensationafjrowth of a populationof
elsewherde.g., Nenes etal., 200Butweincludehereadescriptiorf theconfiguratiorusedn this
condensationr evaporatiorprocesproceedsThewatermixing ratio ¢ is expresseds

T Pl 3
N;D 18
mz . (18)

i

11



235

240

245

250

255

260

265

the wet aerosobarticleswere at equilibriumwith a 90% ambientrelativehumidity. In orderto be
supersaturation. Theupdraftvelocity w wasassumedonstanin theseintegrations.

3.3 Parameterizationevaluation

As shown by Morales Betancourt and Nenes (2013), the fidgraterivatives of the parameterized
Nq with respect to input parameters are useful in understartii@ parameterization ability to re-
spond to perturbations to the input variables. Thereforitition to evaluating the parameterized
N4 andsmax against those of parcel model simulations, we also perfdroagculations of the first-
order derivatives of the parameterizd@d with respect to any input variable;, 9Nq/Jy;. These
sensitivity calculations were then compared against filifference approximation to the derivatives
with the numerical cloud parcel model. We report the mearmefrelative erroe and the standard

deviation of the errors, betweerparameterizatiopredictionsof Ny andsmay, andthosecomputed

with the parcelmodel. We performedthis analysiseeth-guantitiesfor each of the 9504 cases con-
sidered: i3 i s izat

orenibve onen ha aa¥al Ja a¥ & moewn O Fa¥a achoro-the

The results show a significant improvementin the accuradypaecision of the parameterizéd,
and smax Values, without any appreciable increase in the compunaticost. Fgure2aandTable 2

summarize the results of thmerformancesvaluationfor the variousparameterizationsonsidered

here.Figure2aand 2bshowthedistributionof errorsfor syaxandN; for FN andBN. n
evaldatior—When FN was used, the relative errorsifax was on average-31% +25% while in

Ngq was of +7.8% 4+9.7%. Both numbers indicate a moderate overestimation in bolifsfier the
conditions exploredThe sameFigure2b-shewsasimilar-analysis for the Barahona et al. (2010)
parameterizatioshows—with-a relative error fofsmax of —24%+7%, and N4 of —10%+7.8%,
showing a small underestimation of both fields unther conditionsexploredin the simulations

( 2)theseconditions. For both fields there is a marked decrease in botlatlegagesveargeerror

(a measure of parameterization bias) and in the dispergitrecerrors (a measure of the parame-
terization accuracy). Figure 3 shows the results of the @ispnbetweeragainsiparcelmodelfor

theeaseof- Ny computedwith the parameterizatiodevelopedn this work andthe parcelmodel
The relative error when applying the modifications proposethis work waswere-considerably

12



270

275

280

285

290

295

300

lower, being—6.0% +6.2% for smax, and—2.7% +4.8% for Nq. Theerrorsof the sensitivity to

total aerosol perturbation, N4 /dn., computedwith the parameterizatiopresentedereandwith
the parcelmodel exhibited adecreasén the biasasthat shownby Ny and s (Table 2)simitar
R reEsAEal

A summary of the mean relative errors of the sensitivitidg; /0x ; for the Barahona et al. (2010)
and for the parameterization presented in this work are sliwWig. 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
Smax» Na, anddNg/dn,, is due to a better representation of the response to acetiorumode
particles. As such the mean error 8Ny /n,, of the accumulation mode went from an average of
—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 ignpatt onsmax and Nq. Figure 4 also
shows that the magnitude of the mean errors for the Aitkenta@@dccumulation mode sensitivity
to na, ks, andd, are smaller for the parameterization presented here. Mmless, it can also be
seen that the modifications introduced here result in anestienation of the sensitivities of these

variables for the coarse mode particl@$ie sensitivityof Ng to k., andd,, showthe ability of the
aerosololume. Both quantitiesthe hygroscopicityparameteandthe aerosokize, directly impact
the critical supersaturationTherefore,changesn theseparameteriavean impacton the water

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@msaate of inertially-limited CCN. The
modifications to this parameterization framework were ghésvimprove the accuracy and preci-
sion for predictions of maximum supersaturatigfy, and cloud droplet number concentrativg.
Similarly, the sensitivity of the parameteriz&d, to aerosol number concentratiahy, /dn., was
found to be in better agreement when compared to detailectricahsimulations of the activation
process. The first-order derivativ@d’y /0 ; of the parameterizet¥y where also compared against
numerical parcel model estimates. This analysis showedhbanodifications presented here result
in a more consistent response to perturbations to the deaisiics of Aitken and Accumulation
mode particles, while revealing a slight overrepresematif the response to coarse mode aerosol
properties. Implementation of these modifications to theytetion splitting framework is straight-
forward and does not require any major modifications to tlevipus formulations. This minor
code change comes at no additional computational expemdg@raduces virtually identical results
to a numerical parcel model, both in termsgf and sensitivitie$) N4 /0y ;. The impact of these
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changes is expected to be larger in environments dominatédghly 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
T RTZ RT

(A1)

and,

LM, M.p
VT RT? T Myes’

(A2)

whereT is the temperature of the air parcel,is the saturation vapor pressugas the gravitational
constantL, is the latent heat of vaporization of watey,is the heat capacity of aif, the universal
gas constant, antl/, and M, are the molecular weights of air and air respectively.

The functionG in the droplet growth equation is given by,

G=4

-1
prT + vaw (Lva . 1)] (A3)

esD M, ' kT \ RT

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 descrikiing 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 diamelge, 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 betweenandd,, of Eq. (A5) implies thatDpc grows aslf/Q for soluble

particles (following Kohler theory), and the rati,./d,, increases with aerosol size asi)’*. For
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insoluble particles such as dust, a few layers of water nuids@are adsorbed onto the aerosol surface
at subsaturated conditions, resulting in equilibrium wahtkters 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 c andz being empirically derived quantitie§ he-the-exponentr
rangesangingbetween 0.8 and 1. Thiswervalue for the exponent for insolublecemparedo
Kdhlerparticles implies that the ratibpc/d,, decreases slightly with increasirdg.

Appendix B Summary of changes in existing codes

The conceptual approach for all the parameterization diseml here involve the same steps and
require an iterative solution of Eq. (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 spectruifi(s). In the case were the aerosol size distribution is deschiyed,
lognormal moded(s) is given by,

F(s)= i%erfc(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 modée function
u; is given by,

oy 2In(sg/s)
’U,Z(S)— 3\/5120_% (Bz)

wheres,, is the critical supersaturation corresponding to the gedocmean diameted,, of the
mode.
The conceptual steps in the solution are as follows:

1. Guess an initial value foimax.

2. Computet, = (164%aw/9G)"/* (or equivalentlyA =1 —&2/s%_).

3. Evaluate,. (or A) to determine the corresponding partitioning supers&hnag§.

4. Compute the integrdl(0, smax).

5. Evaluate the expressiosiax! (0, Smax) s B (Eq. 5).

6. If convergence is metin step By = F(smax). If cOnvergence is not met, repeat steps 1 to 5.

Existing parameterization codes involve minimal changeseéps 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.
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This formulation of Fountoukis and Nenes (2005) involvesse¢bhmputation of only one partition-
ing supersaturatiom;;, corresponding to the larger of the two roots in Eq. (10} b 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(0,5max) = [11(0,57) + I2(s; , Smax) ] (B3)

where for lognormal aerosol,

1/2 , 2 no;
I, (0,sp) = n; <£) Smax [erfc(ui(sp))% (Si> erfc<ui(sp)+ 31\/;")] (B4)

aw Smax

Na, 3lno; 3lno;
IQ (51)1 551)2) = Tng' k}l |:erf (Ui(Spl ) — W) — el’f (UZ(SI)?) — W):| (BS)
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 dianagteor 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 (57, smax) + —=12(0,57)) (B6)

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

a 31 a;
n21 Dy k; {erfc(ui(sp) - %)] (B7)

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

I (075p> -

saturationsg. This computation is done in the following way,

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

Computation of the integrdl(0,smax) can be achieved by applying Eq. (15) using the expressions
provided in Eqgs. (B4), (B5), and (B7).
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Table 1. Size distribution parameters for the 3-modal aerosol sigeilution used for evaluation of the pa-
rameterization. Each log-normal mode is characterizechbynumber concentratioim,,, geometric standard
deviationo,,, geometric mean diametéy, , and the hygroscopicity of the mods, .

Aerosol mode Og: Na, dg, Ka,

(em™) (k)
(1) — Aitken 1.6 40-200 0.004-0.055 0.37-0.72
(2) — Accumulation 1.8 30-510 0.13-0.35 0.18-1.05
(3) — Coarse 1.8 0.1-5.0 1.0-4.0 0.11-1.16

Table 2. Summary of comparisons against parcel model simulatiopeesged 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%+78% —19.5%+17.6%
This work —6.0%+6.2% —27%+4.8% —9.3%+12.1%
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Fig. 1. The “partitioning supersaturation3§ illustrated in thes.—smax Space.(a) The sc—smax Space as used
in Nenes and Seinfeld (2003) and Barahona et al. (2010)(lgres 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 — xparam/ xpm, Wherexparamis the
parameterized value, angw is the value from parcel model simulation(®) for the droplet numbeiNy, (b)

for the maximum supersaturatiGma.
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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 aerdga.inset is an histogram of the relative error between
parcel model and parameterization derivég
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Fig. 4. Mean relative percent erraf, between sensitivities computed with the detailed parcalehsimulations
and the parameterization results. Comparisons are shawridig€a) sensitivity to aerosol numbérNg /on.,,
(b) sensitivity tothe hygroscopicityparametegereselrumberdNg /Oka,, (C) sensitivity to aerosajjleometric
meandiametertrmberd Na /0d,, . Comparisons are shown for the BN parameterization ancethdts of this
work. Subindices follow the notation of Table 1.
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