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Abstract. In this paper we present a parameterization of theas the first and the second indirect aerosol effects. Overall,
nitric acid effect on cloud droplet formation. The new pa- the increase in CDNC will lead to the cooling of the lower
rameterization is intended to be used in large scale modelgroposphere and so the effect is opposite in sign to the warm-
in order to obtain regional and global estimates of the ef-ing effect of the greenhouse gases.

fect of nitric acid on cloud drop concentrations and the ra- The magnitude of the effect of water-soluble trace gases
diative balance. The parameterization is based on numerion cloud condensation nucleus (CCN) activation can be cal-
cal air parcel model simulations and can be applied for uni-culated using a cloud parcel model, but to estimate the global
modal and bimodal lognormal aerosol particle size distribu-albedo effect reliably, large scale models such as GCM’s
tions in a large variety of different conditions. In addition to need to be used. Because the numerical calculation of the
the aerosol particle distribution and gas-phase HN@hcen-  trace gas effect is computationally demanding and there is
tration, the parameterization requires temperature, total presao analytical solution for deriving the CDNC directly from
sure, updraft velocity, and the number concentration of cloudthe properties of aerosol size distribution and environmental
droplets formed at zero nitric acid concentration, as input pavariables, the results obtained from parcel model simulations
rameters. The parameterization is also suitable for describingave to be parameterized into a form that can be used in the
the effect of hydrochloric acid on the cloud drop concentra-|arge scale models. In this study, we are developing a param-
tions, and in practice, the HNnd HCI concentrations can  eterization for the HN@effect on aerosol activation.

be summed up to yield the total effect. The comparison be- |n the recent years, many parameterizations for cloud
tween the parameterization and the results from numericabromet formation have been developed. The most straight-
air parcel model simulations show good consistency. forward parameterizations are based on direct measurements
relating the number of condensation nuclei to the number of
cloud droplets Gultepe and Isaad 999 or relating the non-
sea-salt sulfate concentration to the number of cloud droplets
(Boucher and Lohmani995 Lowenthal et al.2004. Such

Previous cloud model studies have shown that water-solubl@arameterizations do not take into account any variation in
trace gases such as nitric acid (HYOand ammonia the shape of aerosol population or cloud forming dynamics.
(NHs) can increase the cloud droplet number concentrationl Womey(1959) proposed a power law relation (CDNES)
(CDNC) significantly Kulmala et al, 1993 Korhonen et al. to determine CDNC as a function of cloud supersaturafion
1996 Hegg 2000. The increase in the cloud droplet number This relation has later been refined to obtain more accurate
concentration will reduce the mean cloud droplet size whichresults Cohard et a].1998 2000. Some other parameter-

in turn increases cloud albed@fomey, 1974. Increased izations include theoretical calculations combined with de-
CDNC and decreased cloud droplet size can also decread@il®d numerical parcel model simulatioridgnes and Sein-
the precipitation formation efficiency prolonging the cloud féld, 2003 Abdul-Razzak and Gha2002. The basic idea
lifetime and increasing the cloud coveragéhfecht 1989.  in these parameterizations is to estimate the maximum water

Thus, the soluble gases can induce similar effects on cloud§UPersaturatios,., in the cloud parcel.S,.q is compared
to the critical supersaturation spectra of the aerosol particle

Correspondence tdS. Romakkaniemi distribution, which can be calculated fronbKler theory as a
(sami.romakkaniemi@uku.fi) function of dry particle diametes.(D,) and, in a simplified

1 Introduction

© 2005 Author(s). This work is licensed under a Creative Commons License.
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Fig. 2. Activated fraction as a function of temperature for three dif-
ferent HNQ; concentrations as modeled by parcel model and cor-
responding predictions by new parameterization.

Fig. 1. Fy as a function offy for three different HN@ concentra-
tions and lines are calculated with fitted Eq. (2).

manner, every aerosol particle wifa <S4 is then sup-  face of droplet, and to estimate the condensation rate into a
posed to activate to a cloud droplet. These parameterizationgromet’ the surface concentration must be known. However,
take into account the dynamics and the size distribution ofit tyrns out that during the activation process, there can be
the aerosol population, but still the role of condensing gasesin order of magnitude difference in surface concentrations
other than water is undetermined. between small and big droplets and therefore it is difficult
to get an analytical solution for partitioning of nitric acid to
o droplets of different sizes.
2 Parameterization Instead of very approximate analytical calculations, we
choose to use a more straightforward method. Our new
Condensed hygroscopic compounds lower the partides’ parameterization is based on numerical simulations, which
enhancing the ability of an individual aerosol particle to acti- 3re done with an air parcel model including detailed liquid
vate to a cloud droplet and thereby increasing CDNC. At thephase thermodynamics and differential equations for adia-
same time, the total mass of the aerosol particle populatiothatic expansion and condensation growth of liquid particles
increases, leading to decreasesip,,. This will tend to de- (for more information about the model, skekkola, 2003.
crease the CDNC, but in most situations this effect is smallergy strategy is to develop a parameterization which can be
than the increasing effect of the lower critical supersatura-ysed to calculate the activated fractidh with x ppb of
tions. In general, the number of activated droplets depend$iNO; in the gas phase, when the activated fraction without
on how the condensed gases are distributed among the partther condensing gases than wafey, is known. The basic
cles with different diameters. When the condensation of theform of the parameterization is similar to a parameterization

out of equilibrium — small particles collect relatively more of

the gases than larger ones, which favors increased activatiofix = 1+ (Fo — 1) exp(f (C, T, Fo, V., dis1)) , (1)

of cloud drops. where f (C, T, Fo, V, dist) is a function of HN@ concen-
Parameterizing the HN§effect on CCN activation is not  tration C, temperaturdl’, Fo, updraft velocityV, and prop-

a straightforward task to do. If the amount of HN@  erties of the aerosol distribution (denoted wittsz).

the droplets of different sizes could be estimated at the time The origin of the mathematical form is in notion that the

of activation, theS.(D,) could be calculated from &hler  F, vs. Fy-curves qualitatively resemble vapor-liquid equilib-

theory ands,,,» could be estimated with methods given by rium curves in some binary systems. That can be seen in

Nenes and Seinfel@003 or by Abdul-Razzak and Ghan Fig. 1, whereF, is presented as a function &% for some

(2009. The amount of condensed semivolatile matter in simple distribution at typical conditions. Differef values

droplets with different sizes can be calculated with a size re-have been obtained at different updraft velocities and in this
solved numerical model that solves the differential equationscase the fitted equation is as simple as

describing the condensation. Condensation depends on the 081
concentration difference between the ambient air and the surfx = 1+ (Fo — 1) exp (—1-8)6 ' F0'5> : (2

Atmos. Chem. Phys., 5, 87885 2005 www.atmos-chem-phys.org/acp/5/879/
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) . . ) ) . Fig. 4. Activated fraction as a function of aerosol particle and nitric
Fig. 3. Activated fraction as a function of geometric mean radius 4.iq concentration. In these model rupsis 26 nm,o is 1.8,T is
as modeled by parcel model and corresponding predictions by new73 15k andv is 0.5 nys.
parameterization wher=0.5 ry's, N=1000 cm 3 ando=1.8. '

We can see, that the correspondence between Van Laar typ'g Figs.2-8, where we show comparisons between the new

Eq. (2) andF, vs. Fo data, is good. Beyond that, this form is parameterization an_d parcel mpdel simqlations for different
N o ' NS 9 aerosol and dynamical properties. In Figs5 we present

physically reasonable because it is limited to unity. However’comparisons for unimodal and in Fige-7 for bimodal

in this simple example only the updraft velocity is varied and aerosol distributions '

to take the other variables also into account, the Egmnust '

be modified. The final form of the parameterization is pre- Decreasing t_emperature increases the I:J_Ndlublhty n
sented in Tabld. the water solutions and so the condensation takes place at

With this set of equations, the effect of HN®n aerosol lower RH than at warm conditions. Also, the amount of wa-

activation to cloud droplets can be calculated for a wide vari-" '3 the ?w IS fsmatller. trt1art1hatc\i/varrlnthndlltlons qnd S0 t.he
ety of conditions. The parameterization can be used to stud ondensation ol water Ino the droplets 1S SoWer, increasing

liquid phase clouds with the following limitations. The min- the S"ﬁ"' (t)verall, E{here IS (rjnorethtlmeﬁfo: I—;h@:onégr'llsg-
imum values forT and P are 253 K and 300 mbar, respec- lon at low temperatures and so the effect of HINID

tively. V has to be positive and higher than @sn The new increases with decreasing temperature. This can be seen in

parameterization is valid for bimodal lognormal aerosol sizeF'g' 2, where the activated fraction is presented as a func-

distributions. The modes can have different chemical com-t'ohn oi;empgra:rrelfor'ttvyo Odgfereln t t';.moncfr? trations |
position, and the single modes can be internally mixed. TheVNen the uPd ri velocity'Is ©. {th n (ljst(r:]ase_, z_afr_gs?_
particle composition is divided to insoluble and soluble parts!S composed of ammonium suftate and he size distribution

unimodal with number concentration, geometric mean ra-

based on mass fractions. Inorganic substances are described ) L
by ammoniated sulfates with ?):1 1:1 and 2:1 ammonium-2'US, 81d geometric standard deviation of 1000280 nm,

to-sulfate ratios. Also, a sodium chloride mode is possible.and 1.8, respectively. The step-like behavior of the parame-

Water-insoluble organics can be represented using the insof-erlzatlon curve is due to th_e usage of _moc_iel TeS“'W‘S
uble fraction. Water soluble organics are not included in thevalues. In the model, the Slze d|str|but|qn IS d|scr_et|z_ed to
parameterization. Properties of the different modes are lim2 reasonable number of size classes (bins). . In this simula-
ited in such a way that the geometric standard deviation ott'on “””.‘ber pf .b'ns was 110 and S0 the fraction of droplgts
both modes need to be higher than lgg,need to be higher in one size bin is~1%, when the bins are equally spaced in

. . : aerosol number. As can be seen in Fgthe difference be-
than 5nm andgzzrgl' The functional form of the parame- tween model results and predictions of the parameterization
terization (Egs. 3to 11) is such, th&j can not be zero. P P

are within the uncertainty produced by the discretization.
The strength of the HN®effect depends on the amount
3 Comparison of parameterization with parcel model of hygroscopic material in the pre-existing aerosol particle
distribution. Increase in the mean size or total number con-
We have done simulations with and without nitric acid as centration of aerosol particles will decrease the HN@ect.
a function of one or two basic parameters while the otherAs shown in Fig.3, without nitric acid the CDNC increases
variables are kept constant. These simulations are presentedth increasing radius and approaches asymptotically some

www.atmos-chem-phys.org/acp/5/879/ Atmos. Chem. Phys., 58882005
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Table 1. Parameterization for bimodal lognormal aerosol size distribution. Varia®igg:y is total pressure (mbarf;yno, is nitric acid
concentration (ppb)T is temperature (K)7p=273.15K,V is updraft velocity (ms1), rgi IS geometric number mean radius (um) of mode

i, X, is water soluble mass fraction in aerosol particles in rn'x)dgl. =rgi X%G, N is total particle concentration (cn3), N; is particle
concentration in mode, o; is geometric standard deviation in modeFy is activated fraction without nitric acid, anfl is the activated
fraction with Cno, ppb of nitric acid in the air.B. is a variable that takes account the chemical composition and it is 0 for ammonium
sulfate and sodium chloride, 1 for ammonium bisulfate and 2 for sulfuric acid. With this set of equations it is suppos(gj«az@ﬂgq_lt

* *
N;LrglJerrg2

e G
N1r¥, Be1+NorXoBeo
B, = % (4)
lrg1+ 2rg2
A = Cyn0,1.03898D) (5)
_ ) —2.04 ,,_0. 5/ 7\/-8 102 4-03
By = 0138y016(y,) 204077405 (TO) 1.57B:V0%4 (6)
14 2.36
By = 224x10°° (Fo + 8.54%) (V)~1864047 194, (%) 0.875¢ @)
0.22 a2 g1 115 NoN 171
- . g 2N1 -1
B3 0.82Be1—Beg)V 064042 ( " ) ( N2 > (Fo+0.29) , Fo>N2/N  (8)
r*,—r* 1.3
« .« \105 013 (M) N
ri,—r - * N
By = o.zs( gzrglzd) ( levzzvl) (%) o (%) , Fo<N2/N  (9)
0.86 70.15,,0.2( 70 \?
- ( 175y ) 183:0%6F015N02( 10 ) 10
JN (N101+N202) (14 B3)
AP L7 0.54
= _ _ TOT .
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Fig. 5. Activated fraction as a function of aerosol particle number, Fig. 6. Activated fraction as a function of number concentration in
nitric acid concentration and aerosol particle chemical compositionthe coarse mode.

In the upper set of lines total/=400 cm3 and in the lower set

N=2000cnT3.

particles are completely water soluble, but in general, some

of the aerosol material can of course be insoluble. The ef-
limiting value. With HNG; in the air this value can be fect of insoluble aerosol material is taken into account in the
reached with smaller dry particles. In the case of Bighe parameterization simply by multiplying thre with (X )04,

Atmos. Chem. Phys., 5, 87885 2005 www.atmos-chem-phys.org/acp/5/879/
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700

Table 2. Initial values for cloud model runs for the marine and
continental cases examined.
600 [~
Marine case Continental case
500 -
— Composition
E mode 1 NHHSO, (NH4)2SOq
Q 4007 mode 2 NaCl (NH4)2SOy
o
© model mode2 model mode?2
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Fig. 7. Number of activated droplets as a function of aerosol particlethat different modes have different compositions. In marine
number concentration in mode 2 and nitric acid concentration.  areas, the aerosol are composed of alkaline (sea salt) haze
mode and more acidic nucleation and accumulation modes.
Due to their large mass, sea salt particles decrease the num-
In Fig. 4, we show how higher aerosol number concen- ber concentrations of cloud droplets. Hjl@nds to con-
trations decrease the HNGeffect. The increasing parti- dense into aqueous sodium chloride droplets at lower RH
cle number concentration decreases the activated fractiorthan to more acidic aerosols. The NaCl particles are big
but increases the number of activating particles. Natu-enough so that all of them will activate even without the pres-
rally, when the aerosol mass increases, the nitric acid efence of HNQ@, thus decreasing the effect of HN®n the
fect decreases. Whek=200cn13, CDNC increases from CDNC. This is demonstrated in Fi§.where the activated
100 cn13 to 160 cnT? as the HNQ concentration increases fraction is presented as a function of coarse mode particle
from 0 to 1 ppb and only 0.2 ppb is needed to increase it toconcentration for three different HNGoncentrations. The
130 cn13. WhenN=6000 cnt3, the corresponding CDNC’s  aerosol size distribution is the same as usetibyg(2000
are 900 cm3, 1180cnT3, and 950 cm3. Based on these in his study and it is presented in Tal@eThe updraft veloc-
numbers it is clear that the HNCeffect is more important ity and temperature are 0.1/siand 273.15K, respectively.
when the total aerosol number concentration is low. How- Continental conditions differ clearly from marine condi-
ever, with low updraft velocities and narrow size distribution, tions. Both the total number of particles and the shape of the
the HNG; effect can be remarkable even when particle num-particle size distribution are typically totally different. The
ber concentrations are thousands per cubic centimeter.  number of coarse mode particles in the marine environment
The strength of the HN@effect depends on the acidity of is crucial when estimating CDNC but at continental condi-
aerosol particlesHegg 2000. To take this into account, we tions, the fraction of coarse mode particles is almost negligi-
have included the variablB. into parameterizationB, is re- ble and it can be excluded from the parameterization. Also,
lated to the number of hydrogen ions released from salt to sothe effect of nucleation mode particles on the CDNC is neg-
lution and so it represents the acidity of pre-existing aerosoligible, thus those particles can also be excluded.
particles. In the case of acidic particles at low concentration, |n Fig. 7, we show how the number of particles in mode
the uptake of HN@ occurs at high relative humidity and so 2 affects the CDNC and modifies the HN®ffect when the
there is not enough time for all HNfQo condense before ac-  aerosol distribution is the continental case from Teblén
tivation occurs. At high aerosol concentration, the total par-this set of model runs, updraft velocity is 0.3smand temper-
ticle mass is higher, allowing faster depletion of HNénd  ature is 273.15K. It turns out that when the number of par-
decreasing the importance of particle acidity in regulating theticles in mode 2 increases, the mode 1 can also be excluded
nitric acid effect on the CDNC. Also, the overall effect of from the parameterization if the updraft velocity is not high
nitric acid is lower at high aerosol concentrations, so the ef-enough to activate those particles also. This can be done in
fect of aerosol acidity is more difficult to see. In Flgwe  sijtuations in which the modes do not overlap. In the case
show examples of the effect of chemical composition (induc-presented in Fig7, this can be done only when,Ns over
ing different acidities) for the same distribution as in Fg.  1000cn3. At lower concentrations, some of the aerosol
but only for two different values of aerosol particle number particles in mode 1 also activate to cloud droplets. In cases,
concentrations. where the modes are clearly distinct and it is known that par-
The effect of chemical composition is especially impor- ticles from mode 1 can not activate, it is better to exclude
tant in situations, where the aerosol are externally mixed sdahe smaller mode from the parameterization. This is because

www.atmos-chem-phys.org/acp/5/879/ Atmos. Chem. Phys., 5882005
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1 In order to use our new parameterization, the activated
fraction without HNQ must be calculated with some param-

. eterization developed for the purpose. We have also tested,
that the calculation oty with some other method than the
one we have used in deriving the parameterization, will not
g produce significant errors. It turns out that underestimation
of Fp always increases the relative effeCF ¢ Fo)/ Fp) but
decreases the absolute effeét{Fy). However, the error
produced by the new parameterization to the relative INO
effect is smaller than the relative error due to the inaccurate
Fp value. The new parameterization can also be used to-
gether with simple parameterizations like the one presented
by Gultepe and Isaa@999. To do that, the typical aerosol
size distribution and updraft velocity to produce the correla-

T 0 o5 o7 05 o5 o7 o os tion between CDNC and aerosol number concentration has

ACTIVATED FRACTION (PARCEL MODEL) to be derived.

The new parameterization can also be used to calculate

Flg 8. Activated fraction as pTEdiCIEd by new parameterization andthe effect of hydrogen chloride (HC|) on cloud drop number
by cloud parcel model. concentrations simply by replacing HN@oncentration by

HCI concentration in the formulae. According kmkkola
in the parameterization the activated fraction is defined ast al. (2003 the effect of HCI on cloud droplet formation
the CDNC divided by the total number of aerosol particles is very similar to the effect of HN@and, in practice, the
represented in the parcel model. Appearance of small particoncentrations of HCl and HNgxan be summed up to yield
cles change#p values and affects therefore thg values. It  the total effect.
is possible, that the parameterization gives slightly different
values for the number of cloud dropletshfis increased by
increasing the number of small droplets. However, the de4 conclusions
viations due to differenfgp values are of the same order as

the deviations shown in the previous figures. Overall, the pa:A new parameterization for calculation of the Hy®ffect

rameterization is slightly more accurate if a mode with small on cloud drop activation has been de\/e]oped_ The param-

particles is excluded, but inclusion of small particles does byeterization is based on an extensive set of adiabatic cloud

no means render it useless. parcel model simulations and assumes a unimodal or a bi-
In Figs.2 to 7, we show examples of the correspondencemodal lognormal aerosol size distribution. Predictions of the

between the parameterization and cloud parcel model reparameterization have been compared to results obtained by

sults. The Figures show excellent agreement between tha cloud parcel model for a wide variety of conditions and the

numerical parcel model simulations and the parameterizacomparison shows very good consistency. The parameteriza-

tion. In Fig. 8, we compare the prediction of the parame- tion does not include any differential equations or iterations,

terization with the fraction of aerosol particles that activate so it is computationally efficient and easy to use.

with 0.05-3 ppb of HNQ@ in the air. The comparison con-

sists of more than 4000 box model simulations in a wide va-AcknowledgementsThis study was supported by the Academy
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