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Abstract. We have investigated the formation of cloud (3) An aerosol- and updraft-sensitive regime (transitional
droplets under pyro-convective conditions using a cloud regime), which is characterized by parameter values in
parcel model with detailed spectral microphysics and with between the two other regimes and covers most of the
the x-Kohler model approach for efficient and realistic de- conditions relevant for pyro-convection. In this regime
scription of the cloud condensation nucleus (CCN) activ- N¢p depends non-linearly on bot¥i-y andw.

ity of aerosol particles. Assuming a typical biomass burn- o ) )

ing aerosol size distribution (accumulation mode centred at N Sensitivity studies we have tested the influence of
120nm), we have calculated initial cloud droplet number 2€rosol particle size distribution and hygroscopicity\afp.
concentrationsNcp) for a wide range of updraft velocities Within the range of effective hygroscopicity parameters
(w=0.25-20ms) and aerosol particle number concentra- that is characteristic for continental atmospheric aerosols
tions (Nen=200-1G cm~3) at the cloud base. Depending (k~0.05-0.6), we found thacp depends rather weakly

on the ratio between updraft velocity and particle number®" the actual value of. A compensation of changes in

concentration %/Ncy), we found three distinctly different * @nd Smax leads to an effective buffering a¥cp. Only
regimes of CCN activation and cloud droplet formation: ~ fOr @érosols with very low hygroscopicity £0.05) and also
in the updraft-limited regime for aerosols with higher than

(1) An aerosol-limited regime that is characterized by high average hygroscopicityx (0.3) did the relative sensitivi-
w/Ncey ratios G~103mstcm?), high maximum tiesdInN¢pldink~ (AN¢cp/Nep)/(Axlk) exceed values of
values of water vapour supersaturatiSpmfx>~0.5%),  ~0.2, indicating that a 50% difference inwould change
and high activated fractions of aerosol particles Ncp by more than 10%.

(Ncp/Ney>~90%). In this regimeNcp is directly The influence of changing size distribution parameters was
proportional toN¢y and practically independent of. stronger than that of particle hygroscopicity. Nevertheless,
similar regimes of CCN activation were observed in sim-

(2) An updraft-limited regime that is characterized by low ylations with varying types of size distributions (polluted
w/Ncy ratios (<~10~*m s cm?), low maximumval-  and pristine continental and marine aerosols with different
ues of water vapour supersaturatiofingx<~0.2%),  proportions of nucleation, Aitken, accumulation, and coarse
and low activated fractions of aerosol particles mode particles). In general, the different regimes can be dis-
(Ncp/Neny <~20%). In this regimeNcp is directly  criminated with regard to the relative sensitivities 8§ p
proportional tow and practically independent dfcy . againstw and Ney (8InNep/dlnw and dInNe p/dlnNey).

We propose to separate the different regimes by relative sen-

@ Correspondence tdH. Su sitivity ratios, @INN¢ p/olnw)/(dInN¢epldlinNey) of 4:1 and
- 1:4, respectively.
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The results of this and related studies suggest that the varincluding CCN activation at the cloud base, are not yet fully
ability of initial cloud droplet number concentration in con- characterized and understood.
vective clouds is mostly dominated by the variability of up-  The main parameters governing CCN activation and initial
draft velocity and aerosol particle number concentration incloud droplet growth are the number, size and hygroscopic-
the accumulation and Aitken mode. Coarse mode particlesty of aerosol particles as well as the updraft velocity at the
and the variability of particle composition and hygroscopic- cloud base and the resulting water vapour supersaturation. In
ity appear to play major roles only at low supersaturation inmost earlier studies of cloud droplet formation, the number
the updraft-limited regime of CCN activatioffax<0.2%). concentration of aerosol particles did not exceeticho—3
(e.g. Hjelmfelt et al., 1978; Hegg, 1999; Nenes et al., 2001,
Feingold, 2003; Lance et al., 2004; Lohmann et al., 2004;
Ervens et al., 2005; Segal and Khain, 2006; Kivekas et al.,
2008; Cubison et al., 2008; Altaratz et al., 2008). This is
Clouds cover about 60% of the Earth’s surface and have éeal'lsuc for regions with low or moderate ar pollution, but
. L in biomass burning plumes the aerosol particle number con-
strong influence on the global radiative balance, water cycle . 3 .

. . centrations can reach uptal0° cm—23 (Andreae et al., 2004;

and climate (IAPSAG, 2007; IPCC, 2007). Deep convec-_ . T
. . : . o Reid et al., 2005; Ja et al., 2009).
tive clouds play an important role in the vertical redistribu-

tion of energy and moisture, especially in the tropics (Wang'va:i—gnlr:\rlwesgg\?éit?/r;dcfgjézmvigzﬁaglee pe:?fgfrisegfci)igl a;:"
2003; Jiang et al., 2004). At mid-latitudes, deep convection : . T P g P
cel model simulations for a wide range of conditions, in-

is often associated with heavy rain events and severe weathecrIudirl the hiah undraft velocities and aerosol particle num-
Hence, modifications of convective cloud properties can af- Y gh up P

fect weather and climate on local and global scales (Rosent—)er cogcen_traatmns observed over wildfires (0.25-20ts
feld, 2006). 200-10 cm™°). Moreover, we have implemented and tested

A ol § for the d ical and mi hvsical the «-Kohler model approach as an efficient and realistic
A crucia act(_)r ort € dynamical and micropnysical evo- ,q,, way of describing the CCN activity of aerosol particles
lution of clouds is the activation of aerosol particles as cloud

with complex chemical composition as emitted from biomass

_condensation nuclei (CCN), ie., their hygroscopic gromh burning (Petters and Kreidenweis, 2008sEhl et al., 2009),
into aqueous droplets that can freely grow by condensgtlor}ather than using unrealistic surrogate species like sodium
of water vapor. Enhancing the number of aerosol partlclesChloride (e.g., Segal and Khain, 2006)

that can serve as CCN generally leads to more and smaller

glﬁ;%drglréle;ss a:hgoﬂgcpa?aet:o: ;YZ%L?%%?;e:e;hathz)r:cel and Kohler models (hygroscopicity parameter and os-
W clouas, precipitati iciency | u WNeN motic coefficient formalisms), and we present the results of

the aerosol concentration increases (e.g. Rosenfeld et altest calculations performed for comparison and validation

2000; Penner et al., 2004; Andreae and Rosenfeld, 2008)a(§;ainst an alternative cloud parcel model with spectral mi-

For delep convetctlz{e clouds, tT.e consegudencesdoftenh?ncec ophysics (Segal and Khain, 2006). In Sect. 3 we present
%eertoesoorof(;migzr rgr:r:(;:;snog mel?r:aail: ot Zregoggogggeﬁgnd discuss the results of model calculations exploring the
feld et al 3008)p g " ' dependence of cloud droplet number concentration on up-

) ) draft velocity and aerosol particle number concentration as
Transport through deep convective clouds has been identigq|| 45 particle size and hygroscopicity.

fied as a relevant source for upper tropospheric/lower strato-

spheric (UT/LS) aerosol (e.g. Andreae et al., 2001; Wang,

2003; Luderer et al., 2006). The number of aerosol particles, pethods

released into the UT/LS region depends on the number of ac-

tivated aerosol particles and on the microphysical evolutionz 1 Cloud parcel model

of deep convective clouds (nucleation and precipitation scav-

enging), which, in turn, is also modified by aerosol activation The cloud parcel model used in this study has been devel-

at cloud base. oped by Simmel et al. (2002) and contains a detailed spec-
Pyro-convection, i.e., deep convective clouds that formtral description of cloud microphysics (Simmel and Wurzler,

above wildfires, is one of the most extreme forms of atmo-2006; Diehl et al., 2006, 2007). Based on a given dry aerosol

spheric deep convection. Observational and modeling studiesize distribution, the model initially calculates the equilib-

have shown the extraordinary dynamical and microphysicakium aerosol size distribution at the relative humidity pre-

properties of deep pyro-clouds (e.g. Fromm and Servranckxscribed for the start of the simulation. As the air parcel rises

2003; Fromm et al., 2005; Trentmann et al., 2006; Rosenfeldvith a prescribed vertical velocity, the model simulates the

et al., 2007) and their ability to transport substantial amountsexpansion and cooling of air as well as the resulting changes

of aerosol into the UT/LS (Fromm et al., 2005; Luderer et in relative humidity and the related hygroscopic growth of

al., 2007). However, the relevant processes in pyro-cloudsaerosol particles and further condensational growth of cloud

1 Introduction

In Sect. 2 of this paper we describe the applied cloud par-
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droplets. Collision-coalescence and entrainment processdfons (N¢p/Ncn) reported below were determined from the
were not included in our simulations, which are focused onmodel output at the end of the simulation. Particles were
CCN activation and initial growth of cloud droplets at the counted as cloud droplets when the diameter is equal or
cloud base. Model test runs including collision-coalescencdarger than the critical droplet diameter corresponding to
showed that coagulation can indeed be neglected at the earthe water vapor saturation ratio in the modeled air parcel
stages of cloud evolution investigated in this study (relative(s=1+S5/(100%) of each parcel model run (Seinfeld and
deviations<1%). Pandis, 2006;Dyet.=32e— with A= ysing s.=s;
Particle growth rates were calculated according to the fol-Dyet . is the critical droplet diametes, is the critical wa-
lowing equation (Pruppacher and Klett, 1997; Simmel andter vapor supersaturation ratigsg is the surface tension of
Wurzler, 2006): solution dropletM,, is the molar mass of water ampyj, is the
density of pure water). Under the model conditions investi-
dm _ A7 (00 = Seq) (1)  gated in this study (constant updraft, no entrainment, no co-
dt ( Ly _ 1) Lv o RyT agulation), the results are the same when using the maximum
RvT K*T T e, (I)D . . .
value or the final value of supersaturation for the calculation
wherem is the particle massthe simulation timeLy thela-  of Dyet.. Different approaches of cloud droplet counting are
tent heat of condensation (2.5007B0° Jkg™1), Ry the gas  required and will be discussed in follow-up studies including
constant for water vapor (461.5JkKgK 1), K* the modi-  coagulation, entrainment and variable updraft velocities.
fied thermal conductivity of air (W mt K1), ¢ ,, the satu-
ration water vapor pressurd;* the modified diffusion coef- 2.2 Kohler models

ficient for water vapor in air (fs™1), 5o, the saturation ratio A di kohler th Whler. 1936). th iibri
of the surrounding air ansl, the equilibrium water vapor ceording to er_t EOfY( onier, ), the equilibrium
water vapor saturation ratiQ, is given by

saturation ratio at the particle/air interface. For more details
and parameterizations &* and D* see Simmel and Wur- 5., = a,-Ke 2)
zler 2006.

) ) wherea,, denotes the water activity or Raoult term, akid

Both aerosol particle and cloud droplet size and growthig yhe Kelvin term. In this study we have tested two different
are described on a common spectral grid. The simulations, o4 ches of describing the influence of aerosol chemical
pre;e_nted he_re were carried out using 264 Ioga”thm'Ca”ycomposition and hygroscopicity an,: an effective hygro-
equidistant bins between 1nm and 3.5mm and a time SteR.qpicity parameten Kohler model (Petters and Kreiden-
of dt=0.01s. The weighting coefficient for the redistribution |, ois 2007: Kreidenweis et al. 200%$thl et al., 2009) and
of_mass between the size bins after each time step was set i, osmotic coefficient (OS) reference model (Robinson and
=0.6 (Simmel and Wurzler, 2006). The prognostic parame-gy,es, 1959) which is more accurate but also more complex
ters include liquid water mass and particle number for each, ¢ yetailed by Rose et al. (2008a). In the Ohker model

size bin. . R . .___ay is given by
The input parameters required to initialize the simulations
are: (1) the initial meteorological conditions (temperature, dw=&XP(=vsPsus M) ®3)

pressure, relative humidity); (2) the updraft velocity of the air wherev,, ®, andu, are the stoichiometric dissociation num-
parcel; (3) the dry aerosol particle number size distribution;ber, osmotic coefficient and molality of the aerosol particle
and (4) a set of parameters characterizing the hygroscopicitynaterial (solute), respectively, aid,, is the molar mass of
of the particle material according todler theory (effective  water. In the test simulations for sodium chloride particles
hygroscopicity parametek,, or a combination of stoichio- (Sect. 2.3), we have useg=2 and the parameterization of
metric dissociation coefficient and osmotic coefficientd;; Pitzer and Mayorga (1973) fob, (OS1 model of Rose et
see Sect. 2.2). al., 2008a). In the-Kdhler modek,, is given by

All model simulations were initialized with a temperature
of 285.20K, a pressure of 950 hPa, and a relative humiditydw=
of 95% (Simmel and Wurzler, 2006). They were carried
through with a constant vertical velocity]), and stopped wherex is the effective hygroscopicity parameter or Raoult
upon reaching a liquid water content (LWC) of 0.8g#kg  parameter, respectively (Petters and Kreidenweis, 2007;
In different runs the vertical velocityu(), initial aerosol par-  Mikhailov et al., 2009; Pschl et al., 2009¥; is the volume
ticle number concentratiorMc ), size distribution, and hy-  of dry particulate matter%:%mrl?, with r; the radius of
groscopicity parameter were varied as detailed below. the particles), and@,, is the volume of water in the aqueous

The highest value of the water vapor supersaturations calparticle/droplet (/wzgn-rfj, with r,, the radius of the wet
culated in the course of each simulatioSF(s»-1) 100%)  fraction). Characteristic values efare 0 for completely in-
was reported as the maximum supersaturatiaax (for soluble particles, 0.6 for (NiJ2SOs and 1.28 for NaCl (Pet-
an exemplary profile o§ see Fig. 1). The cloud droplet ters and Kreidenweis, 2007; Rose et al., 2008a). The hy-
number concentrationsNgp) and activated particle frac- groscopicity parameters of biomass burning aerosols range

(4)

1+KVL;
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Fig. 1. Exemplary vertical profiles ofa) water vapor supersaturatiofi,(%) and(b) cloud droplet number concentratioV¢ p, cm3)
simulated with different Khler model approaches: osmotic coefficient model (red lireK)phler model with constant (black lines) and
«-Kdhler model withe dependent on solute molality,; (open circles and crosses). The updraft velocity was setth5 msL (solid lines
or open circles) ow=3.0ms 1 (dashed lines or crosses), and the initial aerosol particle number concentration wal sgt8000 cmr3
with particle properties as specified by Segal and Khain (2006).

from 0.01 for freshly emitted smoke containing mostly soot particles as a surrogate for atmospheric aerosols (Segal and
particles (unpublished data from M. O. Andreae, 2007 andKhain, 2006).
S. Kreidenweis, 2007) to 0.55 for aerosol from grass burn- The influence of the different &hler model approaches
ing, and the average value ofin polluted continental airis was evaluated in test simulations for two cloud base up-
0.3+0.1 (Andreae and Rosenfeld, 2008; Rose et al., 2008bdraft velocities ¢=1.5ms?! and 3.0ms?') with a total
Poschl et al., 2009). aerosol particle number concentration 8§ y=3000 cnT3

In test simulations for sodium chloride particles and a log-normal size distribution as specified by Segal and
(Sect. 2.3), we have used=1.28 and p;=2165kgnT3 Khain (2006) with a geometric mean diameter of 60 nm and a
(EH1 model of Rose et al., 2008a). For the simulation of standard deviation af,=1.35. Figure 1 shows that the max-
real atmospheric aerosols from biomass burning we havémum supersaturationsSax) as well as the cloud droplet
usedx=0.2 (Rose et al., 2008b) angl=1300kgnT3 The  number concentration®V p) determined with the-Kohler

Kelvin term was described by model using £=1.28) were slightly lower than with the OS
reference model. The differences were caused by the differ-
Ke = exp<ﬂ) (5) ent approaches of calculating water activity. To obtain equiv-
Ry T pwrwet alent water activities, i.eu, (0 S)=ay, (), we expressed as

whereoso andryet are the surface tension and radius of the & function ofy.s (Rose et al., 2008a).

aqueous particle/droplet respectiveRy, =461.5 kgt K1 Vi,

and p,,=1000 kg n3 are the specific gas constant and den-% = f (is) = (EXP(vs Pspts M) — 1)7 (6)
sity of water andl” is the temperature. In the test simulations ] ’ )
for sodium chloride particles (Sect. 2.3) using the Gihler ~ Figure 2 illustrates the dependencexobn s for sodiam

model and the:-Kdhler model s was calculated by a pa- chloride. Usingc=f (), the cloud parcel model produced

rameterization (Pruppacher and Klett, 1997). In other simu-th€ exact same results with theohler model as with the

lations using the -K8hler modelgso was set to 0.072 I8 OS reference model (Fig. 1), demonstrating the equivalence

(Petters and Kreidenweis, 2007). of the two model formulations. Additional tests with typ-
' ical particle size distributions of urban aerosols (Su et al.,
2.3 Model validation 2009) showed similar deviations $ax and N¢p for con-

stantxk=1.28 and no deviations with= f (115).
To validate the cloud parcel model after implementation of The validity of the cloud parcel model with theKohler
the k-Kodhler approach, we have compared it against sim-approach was also confirmed by further model simulations
ulations with the OS Khler model and against the results with N¢cy=800-3600cm?® and w=0.5-3.5ms?! with a «
of an alternative cloud parcel model using sodium chlorideof 1.28 representing NaCl. The resulting cloud droplet

Atmos. Chem. Phys., 9, 706768Q 2009 www.atmos-chem-phys.net/9/7067/2009/
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Fig. 2. Dependence of the effective hygroscopicity parameten Aerosol Particles, Ney (cm™3)

solute molality for sodium chloridec& f (us), Sect. 2.3, Eq. 6.)

trati h in Fig. 3 in fai t 'thFig' 3. Cloud droplet number concentration¢p, cm~3; iso-
concentralions snown In F1g. 5 are in fair agreement wi lines) calculated as a function of updraft velocity,(ms™1) and

the results of Segal and Khain (2006, Fig. 6f) who inves-jyisa| aerosol particle number concentratioN((y, cm~3) with
tigated CCN activation with an alternative air parcel model particle properties as specified by Segal and Khain (2006).

with spectral description of warm cloud microphysics. At

low N¢w, the cloud droplet number concentrations were up

to ~15% higher in our model, but at highicy they were tions of aerosol particles and the maximum water vapor su-

essentially the same as in Segal and Khain (2006, Fig. 6f). persaturations reached in the ascending air masggg @re
shown in Figs. 5 and 6, respectively.

The N¢p isolines (isopleths) shown in Fig. 4 exhibit three
distinctly different regimes of CCN activation and cloud
3.1 Different regimes of CCN activation droplet formation: (1) an aerosol-limited regime in the upper

left sector of the plot; (2) an updraft-limited regime in the
To probe and characterize the influence of aerosol particldower right sector; and (3) an aerosol- and updraft-sensitive
number concentration and updraft velocity on CCN activa-fegime (transitional regime) along the diagonal from the
tion and droplet formation at the base of pyro-convectivelower left to the upper right corner (ridge dfcp isopleths).
clouds, we have performed cloud parcel model simulationdNote that the appearance of the cloud droplet isopleth plot is
assuming a mono-modal particle size distribution charactersimilar to that of the ozone isopleth plots which are widely
istic for young biomass burning aerosols_ The dry partic'eused in atmOSpheriC Chemistry to dlStIthISh and describe the
size distribution is determined by an accumulation mode withso-called NQ- and VOC-limited regimes of ozone produc-
a count median or geometric mean d|ameteD9f:120 nm, tion and concentration (Se|nfe|d and Pandis, 2006, p. 236)
a geometric standard deviation@f=1.5 (Reid et al., 2005; The aerosol-limited regime of CCN activation is
Janfall et al., 2009), and the hygroscopic properties are decharacterized by a relatively high ratio between the
scribed by an effective hygroscopicity parameter of 0.2 (An-updraft velocity and particle number concentration
dreae and Rosenfeld, 2008; Rose et al., 2008iscR et  (w/Ncey>~103ms1/(cm™3), Fig. 4), by a high acti-
al., 2009). The effects of variations in hygroscopicity will vated fraction of aerosol particlesN¢p/Ney>~90%,
be addressed below (Sect. 3.2). In a series of 961 moddfig. 5), and by high maximum values of water vapor
runs the updraft velocity and the initial number concentrationsupersaturation Sgax>0.5%, Fig. 6). In this regime,
of aerosol particles have been varied systematically over th&v¢p is directly proportional toNcy (0NcpldNcn~1)
range ofw=0.25-20 m3! and N¢y=0.2-100<10% cm™3, and practically independent of (isolines parallel to y

Figure 4 shows the number concentration of cloudaxis; dN¢cp/ow~0). The high updraft velocities lead to
droplets,N¢p, that are formed at the cloud base as a functionmaximum supersaturations large enough to activate nearly
of w and Ncy. Note, thatNcy as used in this study effec- all aerosol particles except very small ones at the lower
tively corresponds t&Vcy 30, i.€. the number of aerosol par- end of the size-distribution (critical dry diameter of CCN
ticles larger than 30 nm. The corresponding activated frac-activationc~60 nm).

3 Results and discussion

www.atmos-chem-phys.net/9/7067/2009/ Atmos. Chem. Phys., 9, 7082-2009
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Fig. 4. Cloud droplet number concentrationS«{p, cm3; isolines) calculated as a function of updraft velocity, (ns~1) and initial
aerosol particle number concentratio¥c(v, cm™3). (a) linear scale;(b) log-log scale. Red dashed lines indicate the borders between
different regimes defined by (In NCD/ 3 In w )/(3 In Ncp/d In Ncy)=4 or 1/4, respectively. Blue dotted lines indicate approximate
borders determined by/N¢ y .

1 ©
EUSEES

1 !
r dence onV¢y (small slope of isolinesi N¢ p/d Ne y~0.02).
i Due to the relatively low updraft velocities and high aerosol
F concentrations, the maximum supersaturations are so small
i that only large particles in the upper half of the size dis-
L tribution are activated (critical dry diameter120nm).
5 Under extremely loww/N¢y conditions, water would be
S B taken up by aerosol particles, the supersaturation would
po
'Z)B/
20

! I (ONcplow~2x10°cm~3/(ms 1)) and a very weak depen-

-
(4]

=N
o
1

be quenched andv¢cp would drop to zero. E.g. for
w=0.1ms 1, Necp would still be increased by adding more
particles up toNey~1x10° cm3, but would drop to zero
at Ney>~2x10°cm=3. This “supersaturation-quenched
I regime” where an increase indy would lead to a reduction
L of N¢p, can be regarded as a special sub-regime of the up-
r draft limited-regime of CCN-activation. Note that a compa-
01 : ' ' rable sub-regime is also known in ozone chemistry: thg NO
0 20 40 60 80 100 titration sub-regime in the VOCs-limited regime. In that sub-
Aerosol Particles, Nc ( 10° cm) regime, increasing Nleads to a decrease of ozone con-
centration. These similarities show the true color of nature
Fig. 5. Fraction of activated aerosol particle$¢p/Ncn, %, is0-  peneath the complicated decoration, i.e., the similar princi-

; i - —1 . ' ; . X
lines) calculated as a function of updraft velocity, (rr135 yand  ples underlying different physico-chemical processes in our
initial aerosol particle number concentratidWi{, cm—°). environment

The aerosol- and updraft-sensitive regime (transitional

The updraft-limited regime is characterized by a rela- regime) is characterized by intermediate values of the ra-

tively low ratio between the updraft velocity and parti- tio between the updraft velocity and particle number con-
cle number concentrationw{Ncy <~10"*ms 1/(cm™3), centration (/Ncy~0.5x10-3ms-1cm?, Fig. 4), of the ac-
Fig. 4), by a low activated fraction of aerosol particles tivated fraction of aerosol particlesVEp/Ney~20-90%,

(Ncp/Nen<~20%, Fig. 5), and by low maximum val- Fig. 5), and of the maximum values of water vapor super-
ues of water vapor supersaturatiofinfx<0.2%, Fig. 6).  saturation §max~0.2—-0.5%, Fig. 6). In this regim¥cp ex-
In this regime N¢p exhibits a linear dependence an hibits non-linear dependences on baethand N¢y (strong

Updraft Velocity, w (m s

(4]
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curvature of isolines; dN¢pldwa~(0-2)x10°ms 1 cmd; 20 I
dNcpldNcny~0.4-1). Depending on the maximum super-

saturations, the critical dry diameter for CCN activation

ranges from well below up to the maximum of the aerosol

particle size distribution60-120 nm). —~ 15

In the discussions above and based on Fig. 4a, the
borders between the three regimes were approximately
defined by a constanb/N¢y ratio. More generally and
more accurately, the borders between the regimes can be
defined by the relative sensitivities dfcp against changes
in w and N¢y, dInNepldInw~(ANcp!/Nep)l(Awlw)
and 8|nNCD/8 In NCN%(ANCD/NCD)/(ANCN/NCN)-

From model results, the relative sensitivity ratio
RS=@InNcpldlnw)/(dINnNcpldIn Ncy) can be cal-
culated and used as a general parameter to quantitatively
define and distinguish the different regimes of CCN
activation.

For a wide range of pyro-convective condi-

tions, the approximate borderlinesw/(Ney~10~2 or Fig. 6. Maximum supersaturatiorSfax, %, isolines) calculated as
10*msY/(cm=3)) are in fair agreement with the bor- 4 function of updraft velocity:, ms-1) and initial aerosol particle
derlines determined by the general method usit§~4 number concentrationV y, cm™3).

or 1/4, respectively (Fig. 4a). At low updraft velocities,
however, the influence ab is stronger than indicated by the
approximate borderlines, i.e., the approximate borders of th

transition regime deviated towards updraft limited regime . . ovistence of NG and VOCs-limited regimes can be gen-

(Fig. 4b). ] ) eralized but the quantitative relations have to be adjusted to
In an earlier study, Twomey (1977) described the roles ofitferent conditions.

updraft and aerosol number concentration by an analytical | the atmosphere, aerosol-limited conditions of CCN ac-
approximation OfNCDCXNé/C(ﬁIZ)w&[/ (@49 whereNcen1  tivation with high updraft velocities and low aerosol con-
is the cumulative CCN concentration at 1% SUpersaturationcentrations may occur in deep convection of clean air over
w is the updraft velocity and: is the slope of CCN su- tropical oceans and remote continental regions, as well as
persaturation spectrum in the log-log scale. For a fixedin thunderstorms in maritime air over land with strong ver-
size distribution, Nccn,1 is proportional toNcy used in  tical forcing of clean air masses (Murphey et al., 2005).
this study. According to the analytical approximation, the Updraft-limited CCN activation with low updraft velocities
Ncp isolines (isopleths) should be linear in a log-log plot. and high aerosol concentrations is likely to occur in shal-
Thus we also plotted th&/cp isolines on a log-log scale |ow convection of polluted air over locations or regions with
as shown in Fig. 4b. For either aerosol-limited or updraft- strong sources of aerosols such as biomass burning and fos-
limited regimes, the isolines can be approximated by linearsj| fuel combustion in agricultural regions and mega-cities
lines with different slope. However, over the whole range (Monkkonen et al., 2005; Molina et al., 2007; Zhang et al.,
of Ncena andw, the isoline is obviously non-linear. This  2008; Rose et al., 2008; Wiedensohler et al., 2009). Aerosol-
means the Twomey approximation with fixeds not appli-  and updraft-sensitive (transitional) conditions of CCN activa-
cable over the whole investigated range of conditions. tion can occur in a wide range of regions and meteorological
The key features of the three regimes of CCN activationsituations with low/moderate updraft velocities and aerosol
illustrated in Figs. 4-6 are not specific for young biomassconcentrations (shallow convection in moderately polluted
burning aerosols and pyro-convective conditions but likely continental air), as well as in the high updraft velocities and
to apply also for other types of aerosols and meteorologicaberosol concentrations typical for pyro-convection.
conditions. This was confirmed by sensitivity studies with  In comparison to our model results, the observed aerosol-
different aerosol size distribution®(=60-200 nmp,=1.2—  cloud droplet relations reported by Ramanathan et al. (2001a)
2.0). Moreover, Su et al. (2009) found the same type ofwould lie at the border between updraft-limited and transi-
regimes in their simulations based on particle size distribu-tional regimes of CCN activation (Fig. 7), corresponding to
tions andx values measured in polluted mega-city air of updraft velocities arouné~0.5ms™®. Note, however, that
Beijing, and the same applies for pristine rainforest aerosolghe reported relations are characteristic for marine rather than
(Gunthe et al., 2009a) with different proportions of nucle- pyro-convective conditions, which may limit the compara-
ation, Aitken, accumulation, and coarse mode particles. Unbility. Model investigations using typical marine aerosol

Updraft Velocity, w (m s)

1S
I T S Sy S N
0.5
0
0.6’0\
T T~ T T T T T T T

0 20 40 60 80 100
Aerosol Particles, Ngp ( 10° cm)

der these different conditions, the levels of isolines change
%ut the shape stays the same. Just like in ozone chemistry,
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properties are under way and will be presented and discusse:” 3000 : | : | : ,
elsewhere (Gunthe et al., 2009b). Nevertheless, first results _
indicate that the regimes are not very different. i
For pyro-convective clouds withwa~5-20ms?! and

Nen~100-1CPcm~3, our model results indicate very
high droplet number concentrations at the cloud base
(Nep~(0.5-4)x 10* cm~3; Fig. 4). The corresponding max-
imum water vapor supersaturations and activated fractions
of aerosol particles are in the range of 0.2-0.5% and 20— ,
80%, respectively (Figs. 5 and 6). The activated particle 1000 . .
fractions are substantially higher than assumed in earlier 5 i ;

model studies of pyro-convective clouds (5%, Trentmann et 3

Composite scheme

e aerosol-limited
transitional
2000 ®  updraft-limited 4

roplet Number, N__ (cm

al., 2006). However, the linear extrapolation of our results (—3 ! - >
to extreme pyro-convective conditiond¢y=4x10°cm 3, 0 H / ' . | "
w=20ms?) is consistent with the results of Chuang et 0 1000 2000 3000

al. (1992:85max=0.15%,N¢ p/Nc ny=16%).

When an aerosol patrticle is activated to a cloud droplet,
the remaining fraction of the aerosol particles is transported
as interstitial aerosol in the pyro-cloud. Unless they areFig- 7.The_ thickline_labeled “Comp_osit_e schem_e” is obtained from
scavenged by impaction with hydrometeors, they will be re-a composite theoretlcgl parameterization that fits the INDOEX air-
leased into the atmosphere in the outflow region of the pyro_craft data for the Arabian Sea (Ramanathan et al., 2001a, and equa-

loud. which b hiah th t h thtions for the line can be found in the Appendix A of Ramanathan
cloud, which can be as high as the upper troposphere or th, al., 2001b). The colored points are obtained from the same cloud

lower stratosphere (e.g., Fromm et al., 2005). To quantify,arce model simulations as shown in Fig. 4. The colors indicated
the number of aerosol particles in the outflow region of pyro- the regimes determined by théN ¢y ratio.

clouds, full three-dimensional simulations of pyro-clouds are

required that take into account the interaction of aerosol par-

ticles and hydrometeors. Combining pyro-convective mod-or the mass fraction of ammonium sulphatas a proxy of
eling activities (e.g., Trentmann et al., 2006; Luderer et al.,particle hygroscopicity. To calculate, for examp&Ncy)
2007) with the investigation of aerosol-cloud interactions in they plotted all values oNcp(Ncy, Dg, 0,4, w, €), i€,
convective clouds (e.g., Ekman et al., 2008) should help toN¢p calculated as a function of variable values\efy, D,,
better quantify the amount of aerosol deposited in the UT/LSo,, w ande againstNcy on a log-log scale. Then a linear

Aerosol Particles, N, (cm'3)

region by pyro-convection. regression was appliedand the slope of the fit line was taken
asS(N¢enw).
3.2 Aerosol particle hygroscopicity and size distribution When this method was applied in the supersaturation-

guenched regime wher®¥¢p approaches zero (in case of
To probe and characterize the influence of aerosol particlerery highN¢y and/orD, values), InN¢p values approach-
hygroscopicity and size distribution on CCN activation at ing —oo can strongly influence and distort the slope of the
the base of pyro-convective clouds, we have performed adtinear fit. To avoid this problem, we used modified method
ditional cloud parcel simulations for exemplary points in the in which all values ofN¢p calculated at a given value &f;
three different regimes of CCN activation (aerosol-limited; were averaged prior to fitting. Then the averaged values of
updraft-limited; transitional; Fig. 4). In Sect. 3.2.1 we ad- N, were plotted against; on a log-log scale and linearly
dress the relative importance of the particle size distributionfitted. Since this method gives averaged values of relative
and hygroscopicity. In Sect. 3.2.2 we investigate and discussensitivities, we denote it witB(Ncy).

hygroscopicity effects in more detail. In the sensitivity studies, we used the same model setup
_ o and input parameters as detailed above (Sect. 3.1) to inves-
3.2.1 Relative sensitivities tigate three cases in different regimes, i.e. one in updraft-

limited regime @=5ms?t, Ncy=8x10*cm=3), one in
Based on cloud parcel model simulations, Feingold (2003)aerosol-limited regime @=15ms?, Ncy=1x10%cm3)
proposed a linear regression method to calculate the relagnd another one in the transitional regime=0ms?,
tive sensitivity of one parameter (i.e. cloud-top effective ra- y,=5x10* cm~3). For each of the three investigated com-
dius) against the other parameters (variables). McFiggans @iinations of w and Ncy we varied the size distribution

al. (2006) have also used this method to calculate the senspnd hygroscopicity parameters as follows, =60-200nm,
tivities of cloud droplet concentrations on other parametersggzl_z_z_o, ana=0.005-0.6.

defining sensitivityS (X;)=a In N¢p/d In X; whereX; is the
investigated parameter affectidd-p, i.e., Ncy, Dy, 0, w
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Table 1. Average relative sensitivities ofNcp on X;, 15000 r 2.0
S(X;)=0InNcpldInX; (whereX; is one ofDg, o, andx). C
- 1.5
Aerosol- Updraft- 10000 [
limited regime  Transitional regime  limited regime 1.0
5000
Dy 0.39 0.45 0.32 0.5
og —0.50 -0.91 —0.92
K 0.15 0.17 0.13 0 LIBLINLINEL I L N L L L L 0.0

00 01 02 03 04 05 0.6
The three regimes are (a) aerosol-limited regime=15ms!
and Noy=1x10*cm=3); (b) transitional regime =10ms1
and Noy=5x10*cm=3); (c) updraft-limited regime =5ms1
and Ncy=8x10%*cm~3). The ranges of; are Dy=60-200 nm,
0¢=1.2-2.0 and hygroscopicity parametet0.005-0.6.

30000

1.2
25000 1.0

20000 0.8

15000 0.6

As shown in Table 15(X;) is positive forD, andx in all
the regimes. This is because larger particles or more hygro-
scopic particles have a lower critical supersaturation. Across
all regimes of CCN activation, the sensitivity 8¢ p against
particle sizeE(Dg), is two to three times higher than the sen-
sitivity against chemical compositios,(x). This is consis-
tent with the relative sensitivity of. on D, andx, in which
(31N 5./ D)I(3 I sc/dic)=3.

The sign ofﬁ(ag) is negative because the tail of the dis-
tribution at large sizes results in activation of larger droplets, 10000
reducing supersaturation amé-p values. For botkE(Dg)
and S(x) the deviations between the aerosol-limited, transi-
tional and updraft limited scenarios agreed to withih5%.

In contrast,?(og) in the aerosol-limited scenario was by a

10000 0.4

5000 0.2

(b)

0 ||||||||||||||||||||||||||||||0.0
00 01 02 03 04 05 06

Cloud Droplet Number, N¢p (cm™)
Maximum Supersaturation, Sy,ax (%)

5000

factor of 1.8 lower than in the transitional and updraft-limited 0 L -. 0.0

scenarios. The sensitivities determined in our case study 01 02 03 04 05 06

for the aerosol limited regime are very similar to the val- Hygroscopicity Parameter, «

ues reported by McFiggans et al. 2006 for their polluted case

(3000 cnT3> Ncy>1000 cnt3). Fig. 8. Dependence of cloud droplet number concentrations
As Ncp is a function of five parametersicy, w, Dy, o, (Ncp, cm™3, black) and maximum supersaturationSméx,

andk), S(X;)=0dIn N¢cpl/dIn X; can also be influenced by %, red) on aerosol particle hygroscopicity=0.005-0.6): (a)
each of the parameters. As mentioned above, the sensitivitiegerosol-limited regimeu=15ms* and N¢ y=1x10% cm=3); (b)
calculated in this section represent just an average sensitivitgerosol- and updraft-sensitive (transitional) regime={0ms*
estimate. In the following section we explore how the rela- and Ney=5x10% Cm_:)? (c) updraft-limited regime ¢=5ms*
tively low average sensitivity againstvaries under different  2NdNcn=8x 10% cm).

conditions.

3.2.2  Hygroscopicity effects Figure 8a shows the model results 8p and Smax
for exemplary conditions in the aerosol-limited regime
We studied the chemical effects ovy-p, i.e. S(x), in dif- (w=15ms?t, Ney=1x10*cm=3). Under these conditions
ferent aerosol chemical composition conditions (differentand for aerosol particles of medium or high hygroscopicity
«conditions) for the three regimes. The same model setugc=0.2), the cloud droplet number concentration is practi-
and input parameters are used as detailed above (Sect. 3.¢3lly independent of (plateau level in Fig. 8a). The relative
and onlyx was varied from 0.005 to 0.6, covering the full Sensitivities S(x)=0In Ncp/d Ink~(ANcp/Ncp)l(Axlk)
range of effective hygroscopicity parameters reported forls <0.06, i.e., a~50% difference inc would changeN¢p

CCN in continental air (Sect. 2.2, Andreae and RosenfeldPY less than 3% (Table 2). For aerosol particles with low hy-
2008 and references therein). groscopicity (0.05:« <0.2), the dependence dfcp on« is
still modest, with relative sensitivitieS(x) in the range of
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Table 2. Relative sensitivities of the cloud droplet concentratigpp on the hygroscopicity parameter, S(x)=3dIn NcpldInk~
(ANcp/Nep)l(Axlk) in the aerosol-limited, transitional and updraft-limited regimes of CCN activation. Numerical values correspond
to the exemplary scenarios illustrated in Fig. 8.

Aerosol-limited regime Transitional regime Updraft-limited regime

Nep, 1083em™3  S(k) Nep,18em2  S() Nep,1080ecm™3  S@k)

0.025 6.0 0.50 14.0 0.50 8.0 0.50
0.05 7.5 0.23 16.5 0.22 9.6 0.10
0.1 8.4 0.12 19.0 0.21 10.2 0.06
0.2 8.9 0.06 21.0 0.10 10.5 0.10
0.3 9.1 0.03 22.0 0.08 11.0 0.22
0.4 9.2 0.02 23.0 0.11 13.0 0.30
0.5 9.3 0.02 24.0 0.14 13.3 0.41

0.06-0.2. Only for particles with very low hygroscopicity a 50% difference inc would changeN¢p by more than
(¢ <0.05), N¢p depends strongly on. The relative sensi- 10%. Atk <0.03 and in the updraft-limited regimeat-0.5
tivities S(x) are>0.2, i.e., a~50% difference inc would (Smax<0.1%) the relative sensitivitie$(x) exceeded values

changeN¢p by more than 10% (Table 2). of ~0.4, indicating that a 50% difference inwould change
Figure 8b shows the model results for exemplary Ncp by more than 20%. These findings are consistent with
conditions in the transitional regime wElOms?, earlier studies investigating the influence of aerosol chemical

Ney=5x10cm=3). The dependence oN¢p on « is composition on CCN activation in cloud parcel models (e.g.,
qualitatively similar to the aerosol-limited regime (Fig. 8a), Lance et al., 2004; Rissman et al., 2004; Ervens et al., 2005;
but the relative sensitivitieS(«) are larger, i.e., differences Feingold and Siebert, 2009).

in « result in larger differences iiV¢p and (Table 2). In another set of model simulations we added a coarse
Note that atc>0.4 the maximum supersaturation dropped particle mode withD, .=5um and o, .=1.3, and we as-
below 0.2%, indicating a changeover into the updraft limited signed different fractions oNcy to this mode (v .=10"°
regime. Atx>0.45 strong wiggles/outliers in the curve of to 10°3; Reid et al., 2005; Liu et al., 2008; Jaihet al.,
Ncp vs. k indicate that the model resolution becomes a2009). With fN,C:10‘5 and in the aerosol-limited regime,

limiting factor under these conditions (losy high Ncy). the coarse particle mode had practically no influenc&’ep
Figure 8c shows the model results for exemplary (ANcp/Ncp~0). Inthe transitional regimANcp/Ncp in-
conditions in the updraft-limited regimewE5ms1, creased with decreasingax up to ~10% for fy =104

Ney=8x10*cm3). Again the dependence ofcp onk is  and~30% for fy .=1073, respectively. AtSmax<0.1% in
gualitatively similar to the aerosol-limited regime (Fig. 8a), the updraft-limited regim&\ N¢cp/N¢p exceeded-20% for
but the relative sensitivitie$(x) are smaller for particles fy =10~ and~70% for fy .=10"3, respectively.
with low hygroscopicity (0.0%« <0.2) and larger for par- Overall, the sensitivity studies show that the calculated
ticles with medium or high hygroscopicity £0.2, Table 2).  relative changes i?v¢cp exceeded more than 20% only in
Note, however, that at~0.12 the maximum supersatura- the updraft limited regime. Since pyro-convective clouds are
tions drop already below 0.2% and strong wiggles/outliersmostly outside the updraft-limited regime and because our
in the curve ofNcp vs. « indicate that the model resolution model setup sensitive to small changes at very low super-
becomes a limiting factor. saturations, we did not further investigate the influence of
Overall, the results summarized in Table 2 and Fig. 8 showcoarse mode particles on CCN activation in the updraft lim-
that within the range of effective hygroscopicity parame- ited regime. Nevertheless, we suggest and intend to investi-
ters that is characteristic for continental atmospheric aerosolgate this aspect further with model studies and observational
(x~0.05-0.6),Ncp does not strongly depend on the actual data for polluted mega-city regions, which are often in the
value ofk. As k increasesSmax decreases which effectively updraft limited regime. For this purpose, we also suggest
leads to a buffering oN¢p (self-regulation as discussed by and intend to apply models that enable assigning different
Feingold and Siebert, 2009). Only for aerosols with very hygroscopic properties to accumulation, Aitken and coarse
low average hygroscopicity 0.05, all regimes) and in the mode particles (Gunthe et al., 2009a; Rose et al., 2008b;
updraft-limited regime also for aerosols with higher than Wiedensohler et al., 2009). Moreover, potential kinetic limi-
average hygroscopicityk&0.3, Smax<0.2%) did the rela- tations of water vapor uptake at the interface and into the bulk
tive sensitivitiesS (k) exceed values 0f0.2, indicating that  of aerosol particles have not been considered in the present
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