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Abstract. We have investigated the formation of cloud

droplets under pyro-convective conditions using a cloud

parcel model with detailed spectral microphysics and with

the κ-Köhler model approach for efficient and realistic de-

scription of the cloud condensation nucleus (CCN) activ-

ity of aerosol particles. Assuming a typical biomass burn-

ing aerosol size distribution (accumulation mode centred at

120 nm), we have calculated initial cloud droplet number

concentrations (NCD) for a wide range of updraft velocities

(w=0.25–20 m s−1) and aerosol particle number concentra-

tions (NCN =200–105 cm−3) at the cloud base. Depending

on the ratio between updraft velocity and particle number

concentration (w/NCN ), we found three distinctly different

regimes of CCN activation and cloud droplet formation:

(1) An aerosol-limited regime that is characterized by high

w/NCN ratios (>≈10−3 m s−1 cm3), high maximum

values of water vapour supersaturation (Smax>≈0.5%),

and high activated fractions of aerosol particles

(NCD/NCN>≈90%). In this regime NCD is directly

proportional to NCN and practically independent of w.

(2) An updraft-limited regime that is characterized by low

w/NCN ratios (<≈10−4 m s−1 cm3), low maximum val-

ues of water vapour supersaturation (Smax<≈0.2%),

and low activated fractions of aerosol particles

(NCD/NCN<≈20%). In this regime NCD is directly

proportional to w and practically independent of NCN .
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(3) An aerosol- and updraft-sensitive regime (transitional

regime), which is characterized by parameter values in

between the two other regimes and covers most of the

conditions relevant for pyro-convection. In this regime

NCD depends non-linearly on both NCN and w.

In sensitivity studies we have tested the influence of

aerosol particle size distribution and hygroscopicity on NCD .

Within the range of effective hygroscopicity parameters

that is characteristic for continental atmospheric aerosols

(κ≈0.05–0.6), we found that NCD depends rather weakly

on the actual value of κ . A compensation of changes in

κ and Smax leads to an effective buffering of NCD . Only

for aerosols with very low hygroscopicity (κ<0.05) and also

in the updraft-limited regime for aerosols with higher than

average hygroscopicity (κ>0.3) did the relative sensitivi-

ties ∂lnNCD/∂lnκ≈ (1NCD/NCD)/(1κ/κ) exceed values of

∼0.2, indicating that a 50% difference in κ would change

NCD by more than 10%.

The influence of changing size distribution parameters was

stronger than that of particle hygroscopicity. Nevertheless,

similar regimes of CCN activation were observed in sim-

ulations with varying types of size distributions (polluted

and pristine continental and marine aerosols with different

proportions of nucleation, Aitken, accumulation, and coarse

mode particles). In general, the different regimes can be dis-

criminated with regard to the relative sensitivities of NCD

against w and NCN (∂lnNCD/∂lnw and ∂lnNCD/∂lnNCN ).

We propose to separate the different regimes by relative sen-

sitivity ratios, (∂lnNCD/∂lnw)/(∂lnNCD/∂lnNCN ) of 4:1 and

1:4, respectively.
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The results of this and related studies suggest that the vari-

ability of initial cloud droplet number concentration in con-

vective clouds is mostly dominated by the variability of up-

draft velocity and aerosol particle number concentration in

the accumulation and Aitken mode. Coarse mode particles

and the variability of particle composition and hygroscopic-

ity appear to play major roles only at low supersaturation in

the updraft-limited regime of CCN activation (Smax<0.2%).

1 Introduction

Clouds cover about 60% of the Earth’s surface and have a

strong influence on the global radiative balance, water cycle

and climate (IAPSAG, 2007; IPCC, 2007). Deep convec-

tive clouds play an important role in the vertical redistribu-

tion of energy and moisture, especially in the tropics (Wang,

2003; Jiang et al., 2004). At mid-latitudes, deep convection

is often associated with heavy rain events and severe weather.

Hence, modifications of convective cloud properties can af-

fect weather and climate on local and global scales (Rosen-

feld, 2006).

A crucial factor for the dynamical and microphysical evo-

lution of clouds is the activation of aerosol particles as cloud

condensation nuclei (CCN), i.e., their hygroscopic growth

into aqueous droplets that can freely grow by condensation

of water vapor. Enhancing the number of aerosol particles

that can serve as CCN generally leads to more and smaller

cloud droplets at cloud base. It is well established that for

shallow clouds, the precipitation efficiency is reduced when

the aerosol concentration increases (e.g. Rosenfeld et al.,

2000; Penner et al., 2004; Andreae and Rosenfeld, 2008).

For deep convective clouds, the consequences of enhanced

aerosol concentration are nonlinear and depend strongly on

meteorological parameters (e.g. Khain et al., 2008; Rosen-

feld et al., 2008).

Transport through deep convective clouds has been identi-

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

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

tivated aerosol particles and on the microphysical evolution

of deep convective clouds (nucleation and precipitation scav-

enging), which, in turn, is also modified by aerosol activation

at cloud base.

Pyro-convection, i.e., deep convective clouds that form

above wildfires, is one of the most extreme forms of atmo-

spheric deep convection. Observational and modeling studies

have shown the extraordinary dynamical and microphysical

properties of deep pyro-clouds (e.g. Fromm and Servranckx,

2003; Fromm et al., 2005; Trentmann et al., 2006; Rosenfeld

et al., 2007) and their ability to transport substantial amounts

of aerosol into the UT/LS (Fromm et al., 2005; Luderer et

al., 2007). However, the relevant processes in pyro-clouds,

including CCN activation at the cloud base, are not yet fully

characterized and understood.

The main parameters governing CCN activation and initial

cloud droplet growth are the number, size and hygroscopic-

ity of aerosol particles as well as the updraft velocity at the

cloud base and the resulting water vapour supersaturation. In

most earlier studies of cloud droplet formation, the number

concentration of aerosol particles did not exceed 104 cm−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

realistic for regions with low or moderate air pollution, but

in biomass burning plumes the aerosol particle number con-

centrations can reach up to ∼105 cm−3 (Andreae et al., 2004;

Reid et al., 2005; Janhäll et al., 2009).

To investigate and characterize the process of CCN acti-

vation in convective clouds, we have performed cloud par-

cel model simulations for a wide range of conditions, in-

cluding the high updraft velocities and aerosol particle num-

ber concentrations observed over wildfires (0.25–20 m s−1,

200–105 cm−3). Moreover, we have implemented and tested

the κ-Köhler model approach as an efficient and realistic

new way of describing the CCN activity of aerosol particles

with complex chemical composition as emitted from biomass

burning (Petters and Kreidenweis, 2007; Pöschl et al., 2009),

rather than using unrealistic surrogate species like sodium

chloride (e.g., Segal and Khain, 2006).

In Sect. 2 of this paper we describe the applied cloud par-

cel and Köhler models (hygroscopicity parameter and os-

motic coefficient formalisms), and we present the results of

test calculations performed for comparison and validation

against an alternative cloud parcel model with spectral mi-

crophysics (Segal and Khain, 2006). In Sect. 3 we present

and discuss the results of model calculations exploring the

dependence of cloud droplet number concentration on up-

draft velocity and aerosol particle number concentration as

well as particle size and hygroscopicity.

2 Methods

2.1 Cloud parcel model

The cloud parcel model used in this study has been devel-

oped by Simmel et al. (2002) and contains a detailed spec-

tral description of cloud microphysics (Simmel and Wurzler,

2006; Diehl et al., 2006, 2007). Based on a given dry aerosol

size distribution, the model initially calculates the equilib-

rium aerosol size distribution at the relative humidity pre-

scribed for the start of the simulation. As the air parcel rises

with a prescribed vertical velocity, the model simulates the

expansion and cooling of air as well as the resulting changes

in relative humidity and the related hygroscopic growth of

aerosol particles and further condensational growth of cloud
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droplets. Collision-coalescence and entrainment processes

were not included in our simulations, which are focused on

CCN activation and initial growth of cloud droplets at the

cloud base. Model test runs including collision-coalescence

showed that coagulation can indeed be neglected at the early

stages of cloud evolution investigated in this study (relative

deviations ≤1%).

Particle growth rates were calculated according to the fol-

lowing equation (Pruppacher and Klett, 1997; Simmel and

Wurzler, 2006):

dm

dt
=

4πr
(

s∞ − seq
)

(

LV

RV T
− 1

)

LV

K∗T
+

RV T
es,w(T )D∗

(1)

where m is the particle mass, t the simulation time, LV the la-

tent heat of condensation (2.50078×106 J kg−1), RV the gas

constant for water vapor (461.5 J kg−1 K−1), K∗ the modi-

fied thermal conductivity of air (W m−1 K−1), es,w the satu-

ration water vapor pressure, D∗ the modified diffusion coef-

ficient for water vapor in air (m2 s−1), s∞ the saturation ratio

of the surrounding air and seq the equilibrium water vapor

saturation ratio at the particle/air interface. For more details

and parameterizations of K∗ and D∗ see Simmel and Wur-

zler 2006.

Both aerosol particle and cloud droplet size and growth

are described on a common spectral grid. The simulations

presented here were carried out using 264 logarithmically

equidistant bins between 1 nm and 3.5 mm and a time step

of dt=0.01 s. The weighting coefficient for the redistribution

of mass between the size bins after each time step was set to

a=0.6 (Simmel and Wurzler, 2006). The prognostic parame-

ters include liquid water mass and particle number for each

size bin.

The input parameters required to initialize the simulations

are: (1) the initial meteorological conditions (temperature,

pressure, relative humidity); (2) the updraft velocity of the air

parcel; (3) the dry aerosol particle number size distribution;

and (4) a set of parameters characterizing the hygroscopicity

of the particle material according to Köhler theory (effective

hygroscopicity parameter, κ , or a combination of stoichio-

metric dissociation coefficient and osmotic coefficient, νs8s ;

see Sect. 2.2).

All model simulations were initialized with a temperature

of 285.20 K, a pressure of 950 hPa, and a relative humidity

of 95% (Simmel and Wurzler, 2006). They were carried

through with a constant vertical velocity (w), and stopped

upon reaching a liquid water content (LWC) of 0.8 g kg−1.

In different runs the vertical velocity (w), initial aerosol par-

ticle number concentration (NCN ), size distribution, and hy-

groscopicity parameter were varied as detailed below.

The highest value of the water vapor supersaturations cal-

culated in the course of each simulation (S=(s∞-1) 100%)

was reported as the maximum supersaturation Smax (for

an exemplary profile of S see Fig. 1). The cloud droplet

number concentrations (NCD) and activated particle frac-

tions (NCD/NCN ) reported below were determined from the

model output at the end of the simulation. Particles were

counted as cloud droplets when the diameter is equal or

larger than the critical droplet diameter corresponding to

the water vapor saturation ratio in the modeled air parcel

(s=1+S/(100%)) of each parcel model run (Seinfeld and

Pandis, 2006; Dwet,c=
2A

3 ln sc
with A=

4σsolMw

RTρw
using sc=s;

Dwet,c is the critical droplet diameter, sc is the critical wa-

ter vapor supersaturation ratio, σsol is the surface tension of

solution droplet, Mw is the molar mass of water and ρw is the

density of pure water). Under the model conditions investi-

gated in this study (constant updraft, no entrainment, no co-

agulation), the results are the same when using the maximum

value or the final value of supersaturation for the calculation

of Dwet,c. Different approaches of cloud droplet counting are

required and will be discussed in follow-up studies including

coagulation, entrainment and variable updraft velocities.

2.2 Köhler models

According to Köhler theory (Köhler, 1936), the equilibrium

water vapor saturation ratio seq is given by

seq = aw·Ke (2)

where aw denotes the water activity or Raoult term, and Ke

is the Kelvin term. In this study we have tested two different

approaches of describing the influence of aerosol chemical

composition and hygroscopicity on aw: an effective hygro-

scopicity parameter (κ) Köhler model (Petters and Kreiden-

weis, 2007; Kreidenweis et al., 2009; Pöschl et al., 2009) and

an osmotic coefficient (OS) reference model (Robinson and

Stokes, 1959) which is more accurate but also more complex

as detailed by Rose et al. (2008a). In the OS Köhler model,

aw is given by

aw= exp (−νs8sµsMw) (3)

where νs , 8s and µs are the stoichiometric dissociation num-

ber, osmotic coefficient and molality of the aerosol particle

material (solute), respectively, and Mw is the molar mass of

water. In the test simulations for sodium chloride particles

(Sect. 2.3), we have used νs=2 and the parameterization of

Pitzer and Mayorga (1973) for 8s (OS1 model of Rose et

al., 2008a). In the κ-Köhler model aw is given by

aw=
1

1 + κ Vs

Vw

(4)

where κ is the effective hygroscopicity parameter or Raoult

parameter, respectively (Petters and Kreidenweis, 2007;

Mikhailov et al., 2009; Pschl et al., 2009). Vs is the volume

of dry particulate matter (Vs=
4
3
π ·r3

s , with rs the radius of

the particles), and Vw is the volume of water in the aqueous

particle/droplet (Vw=
4
3
π ·r3

w, with rw the radius of the wet

fraction). Characteristic values of κ are 0 for completely in-

soluble particles, 0.6 for (NH4)2SO4 and 1.28 for NaCl (Pet-

ters and Kreidenweis, 2007; Rose et al., 2008a). The hy-

groscopicity parameters of biomass burning aerosols range
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Fig. 1. Exemplary vertical profiles of (a) water vapor supersaturation (S, %) and (b) cloud droplet number concentration (NCD , cm−3)

simulated with different Köhler model approaches: osmotic coefficient model (red lines), κ-Köhler model with constant κ (black lines) and

κ-Köhler model with κ dependent on solute molality, µs (open circles and crosses). The updraft velocity was set to w=1.5 m s−1 (solid lines

or open circles) or w=3.0 m s−1 (dashed lines or crosses), and the initial aerosol particle number concentration was set to NCN =3000 cm−3

with particle properties as specified by Segal and Khain (2006).

from 0.01 for freshly emitted smoke containing mostly soot

particles (unpublished data from M. O. Andreae, 2007 and

S. Kreidenweis, 2007) to 0.55 for aerosol from grass burn-

ing, and the average value of κ in polluted continental air is

0.3±0.1 (Andreae and Rosenfeld, 2008; Rose et al., 2008b;

Pöschl et al., 2009).

In test simulations for sodium chloride particles

(Sect. 2.3), we have used κ=1.28 and ρs=2165 kg m−3

(EH1 model of Rose et al., 2008a). For the simulation of

real atmospheric aerosols from biomass burning we have

used κ=0.2 (Rose et al., 2008b) and ρs=1300 kg m−3 The

Kelvin term was described by

Ke = exp

(

2σsol

RV Tρwrwet

)

(5)

where σsol and rwet are the surface tension and radius of the

aqueous particle/droplet respectively. RV =461.5 J kg−1 K−1

and ρw=1000 kg m−3 are the specific gas constant and den-

sity of water and T is the temperature. In the test simulations

for sodium chloride particles (Sect. 2.3) using the OS Köhler

model and the κ-Köhler model, σsol was calculated by a pa-

rameterization (Pruppacher and Klett, 1997). In other simu-

lations using the κ-Köhler model, σsol was set to 0.072 J m−2

(Petters and Kreidenweis, 2007).

2.3 Model validation

To validate the cloud parcel model after implementation of

the κ-Köhler approach, we have compared it against sim-

ulations with the OS Köhler model and against the results

of an alternative cloud parcel model using sodium chloride

particles as a surrogate for atmospheric aerosols (Segal and

Khain, 2006).

The influence of the different Köhler model approaches

was evaluated in test simulations for two cloud base up-

draft velocities (w=1.5 m s−1 and 3.0 m s−1) with a total

aerosol particle number concentration of NCN =3000 cm−3

and a log-normal size distribution as specified by Segal and

Khain (2006) with a geometric mean diameter of 60 nm and a

standard deviation of σg=1.35. Figure 1 shows that the max-

imum supersaturations (Smax) as well as the cloud droplet

number concentrations (NCD) determined with the κ-Köhler

model using (κ=1.28) were slightly lower than with the OS

reference model. The differences were caused by the differ-

ent approaches of calculating water activity. To obtain equiv-

alent water activities, i.e. aw(OS)=aw(κ), we expressed κ as

a function of µs (Rose et al., 2008a).

κ = f (µs) = (exp (νs8sµsMw) − 1)
Vw

Vs

(6)

Figure 2 illustrates the dependence of κ on µs for sodiam

chloride. Using κ=f (µs), the cloud parcel model produced

the exact same results with the κ-Köhler model as with the

OS reference model (Fig. 1), demonstrating the equivalence

of the two model formulations. Additional tests with typ-

ical particle size distributions of urban aerosols (Su et al.,

2009) showed similar deviations in Smax and NCD for con-

stant κ=1.28 and no deviations with κ=f (µs).

The validity of the cloud parcel model with the κ-Köhler

approach was also confirmed by further model simulations

with NCN =800–3600 cm−3 and w=0.5–3.5 m s−1 with a κ

of 1.28 representing NaCl. The resulting cloud droplet

Atmos. Chem. Phys., 9, 7067–7080, 2009 www.atmos-chem-phys.net/9/7067/2009/
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Fig. 2. Dependence of the effective hygroscopicity parameter κ on

solute molality for sodium chloride (κ=f (µs), Sect. 2.3, Eq. 6.)

concentrations shown in Fig. 3 are in fair agreement with

the results of Segal and Khain (2006, Fig. 6f) who inves-

tigated CCN activation with an alternative air parcel model

with spectral description of warm cloud microphysics. At

low NCN , the cloud droplet number concentrations were up

to ∼15% higher in our model, but at high NCN they were

essentially the same as in Segal and Khain (2006, Fig. 6f).

3 Results and discussion

3.1 Different regimes of CCN activation

To probe and characterize the influence of aerosol particle

number concentration and updraft velocity on CCN activa-

tion and droplet formation at the base of pyro-convective

clouds, we have performed cloud parcel model simulations

assuming a mono-modal particle size distribution character-

istic for young biomass burning aerosols. The dry particle

size distribution is determined by an accumulation mode with

a count median or geometric mean diameter of Dg=120 nm,

a geometric standard deviation of σg=1.5 (Reid et al., 2005;

Janhäll et al., 2009), and the hygroscopic properties are de-

scribed by an effective hygroscopicity parameter of 0.2 (An-

dreae and Rosenfeld, 2008; Rose et al., 2008b; Pöschl et

al., 2009). The effects of variations in hygroscopicity will

be addressed below (Sect. 3.2). In a series of 961 model

runs the updraft velocity and the initial number concentration

of aerosol particles have been varied systematically over the

range of w=0.25–20 m s−1 and NCN =0.2–100×103 cm−3.

Figure 4 shows the number concentration of cloud

droplets, NCD , that are formed at the cloud base as a function

of w and NCN . Note, that NCN as used in this study effec-

tively corresponds to NCN,30, i.e. the number of aerosol par-

ticles larger than 30 nm. The corresponding activated frac-

Fig. 3. Cloud droplet number concentrations (NCD , cm−3; iso-

lines) calculated as a function of updraft velocity (w, m s−1) and

initial aerosol particle number concentration (NCN , cm−3) with

particle properties as specified by Segal and Khain (2006).

tions of aerosol particles and the maximum water vapor su-

persaturations reached in the ascending air masses (Smax) are

shown in Figs. 5 and 6, respectively.

The NCD isolines (isopleths) shown in Fig. 4 exhibit three

distinctly different regimes of CCN activation and cloud

droplet formation: (1) an aerosol-limited regime in the upper

left sector of the plot; (2) an updraft-limited regime in the

lower right sector; and (3) an aerosol- and updraft-sensitive

regime (transitional regime) along the diagonal from the

lower left to the upper right corner (ridge of NCD isopleths).

Note that the appearance of the cloud droplet isopleth plot is

similar to that of the ozone isopleth plots which are widely

used in atmospheric chemistry to distinguish and describe the

so-called NOx- and VOC-limited regimes of ozone produc-

tion and concentration (Seinfeld and Pandis, 2006, p. 236).

The aerosol-limited regime of CCN activation is

characterized by a relatively high ratio between the

updraft velocity and particle number concentration

(w/NCN>≈10−3 m s−1/(cm−3), Fig. 4), by a high acti-

vated fraction of aerosol particles (NCD/NCN>≈90%,

Fig. 5), and by high maximum values of water vapor

supersaturation (Smax>0.5%, Fig. 6). In this regime,

NCD is directly proportional to NCN (∂NCD/∂NCN≈1)

and practically independent of w (isolines parallel to y

axis; ∂NCD/∂w≈0). The high updraft velocities lead to

maximum supersaturations large enough to activate nearly

all aerosol particles except very small ones at the lower

end of the size-distribution (critical dry diameter of CCN

activation<≈60 nm).

www.atmos-chem-phys.net/9/7067/2009/ Atmos. Chem. Phys., 9, 7067–7080, 2009



7072 P. Reutter et al.: Aerosol- and updraft-limited regimes of cloud droplet formation

Fig. 4. Cloud droplet number concentrations (NCD , cm−3; isolines) calculated as a function of updraft velocity (w, m s−1) and initial

aerosol particle number concentration (NCN , cm−3). (a) linear scale; (b) log-log scale. Red dashed lines indicate the borders between

different regimes defined by (∂ ln NCD/ ∂ ln w )/(∂ ln NCD /∂ ln NCN )=4 or 1/4, respectively. Blue dotted lines indicate approximate

borders determined by w/NCN .

Fig. 5. Fraction of activated aerosol particles (NCD /NCN , %, iso-

lines) calculated as a function of updraft velocity (w, m s−1) and

initial aerosol particle number concentration (NCN , cm−3).

The updraft-limited regime is characterized by a rela-

tively low ratio between the updraft velocity and parti-

cle number concentration (w/NCN<≈10−4 m s−1/(cm−3),

Fig. 4), by a low activated fraction of aerosol particles

(NCD/NCN<≈20%, Fig. 5), and by low maximum val-

ues of water vapor supersaturation (Smax<0.2%, Fig. 6).

In this regime NCD exhibits a linear dependence on w

(∂NCD/∂w≈2×103 cm−3/(m s−1)) and a very weak depen-

dence on NCN (small slope of isolines; ∂NCD/∂NCN≈0.02).

Due to the relatively low updraft velocities and high aerosol

concentrations, the maximum supersaturations are so small

that only large particles in the upper half of the size dis-

tribution are activated (critical dry diameter>≈120 nm).

Under extremely low w/NCN conditions, water would be

taken up by aerosol particles, the supersaturation would

be quenched and NCD would drop to zero. E.g. for

w=0.1 m s−1, NCD would still be increased by adding more

particles up to NCN≈1×105 cm−3, but would drop to zero

at NCN>≈2×105 cm−3. This “supersaturation-quenched

regime” where an increase in NCN would lead to a reduction

of NCD , can be regarded as a special sub-regime of the up-

draft limited-regime of CCN-activation. Note that a compa-

rable sub-regime is also known in ozone chemistry: the NOx

titration sub-regime in the VOCs-limited regime. In that sub-

regime, increasing NOx leads to a decrease of ozone con-

centration. These similarities show the true color of nature

beneath the complicated decoration, i.e., the similar princi-

ples underlying different physico-chemical processes in our

environment.

The aerosol- and updraft-sensitive regime (transitional

regime) is characterized by intermediate values of the ra-

tio between the updraft velocity and particle number con-

centration (w/NCN≈0.5×10−3 m s−1 cm3, Fig. 4), of the ac-

tivated fraction of aerosol particles (NCD/NCN≈20–90%,

Fig. 5), and of the maximum values of water vapor super-

saturation (Smax≈0.2–0.5%, Fig. 6). In this regime NCD ex-

hibits non-linear dependences on both w and NCN (strong

Atmos. Chem. Phys., 9, 7067–7080, 2009 www.atmos-chem-phys.net/9/7067/2009/
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curvature of isolines; ∂NCD/∂w≈(0–2)×103 m s−1 cm3;

∂NCD/∂NCN≈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 distribution (∼60–120 nm).

In the discussions above and based on Fig. 4a, the

borders between the three regimes were approximately

defined by a constant w/NCN ratio. More generally and

more accurately, the borders between the regimes can be

defined by the relative sensitivities of NCD against changes

in w and NCN , ∂ ln NCD/∂ ln w≈(1NCD/NCD)/(1w/w)

and ∂ ln NCD/∂ ln NCN≈(1NCD/NCD)/(1NCN /NCN ).

From model results, the relative sensitivity ratio

RS=(∂ ln NCD/∂ ln w)/(∂ ln NCD/∂ ln NCN ) 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 borderlines (w/NCN≈10−3 or

10−4 m s−1/(cm−3)) are in fair agreement with the bor-

derlines determined by the general method using RS=4

or 1/4, respectively (Fig. 4a). At low updraft velocities,

however, the influence of w is stronger than indicated by the

approximate borderlines, i.e., the approximate borders of the

transition regime deviated towards updraft limited regime

(Fig. 4b).

In an earlier study, Twomey (1977) described the roles of

updraft and aerosol number concentration by an analytical

approximation of NCD∝N
2/(α+2)

CCN,1 w3α/(2α+4) where NCCN,1

is the cumulative CCN concentration at 1% supersaturation,

w is the updraft velocity and α is the slope of CCN su-

persaturation spectrum in the log-log scale. For a fixed

size distribution, NCCN,1 is proportional to NCN used in

this study. According to the analytical approximation, the

NCD isolines (isopleths) should be linear in a log-log plot.

Thus we also plotted the NCD isolines on a log-log scale

as shown in Fig. 4b. For either aerosol-limited or updraft-

limited regimes, the isolines can be approximated by linear

lines with different slope. However, over the whole range

of NCCN,1 and w, the isoline is obviously non-linear. This

means the Twomey approximation with fixed α is not appli-

cable over the whole investigated range of conditions.

The key features of the three regimes of CCN activation

illustrated in Figs. 4–6 are not specific for young biomass

burning aerosols and pyro-convective conditions but likely

to apply also for other types of aerosols and meteorological

conditions. This was confirmed by sensitivity studies with

different aerosol size distributions (Dg=60–200 nm; σg=1.2–

2.0). Moreover, Su et al. (2009) found the same type of

regimes in their simulations based on particle size distribu-

tions and κ values measured in polluted mega-city air of

Beijing, and the same applies for pristine rainforest aerosols

(Gunthe et al., 2009a) with different proportions of nucle-

ation, Aitken, accumulation, and coarse mode particles. Un-

Fig. 6. Maximum supersaturation (Smax, %, isolines) calculated as

a function of updraft velocity (w, m s−1) and initial aerosol particle

number concentration (NCN , cm−3).

der these different conditions, the levels of isolines change

but the shape stays the same. Just like in ozone chemistry,

the existence of NOx- and VOCs-limited regimes can be gen-

eralized but the quantitative relations have to be adjusted to

different conditions.

In the atmosphere, aerosol-limited conditions of CCN ac-

tivation with high updraft velocities and low aerosol con-

centrations may occur in deep convection of clean air over

tropical oceans and remote continental regions, as well as

in thunderstorms in maritime air over land with strong ver-

tical forcing of clean air masses (Murphey et al., 2005).

Updraft-limited CCN activation with low updraft velocities

and high aerosol concentrations is likely to occur in shal-

low convection of polluted air over locations or regions with

strong sources of aerosols such as biomass burning and fos-

sil fuel combustion in agricultural regions and mega-cities

(Mönkkönen et al., 2005; Molina et al., 2007; Zhang et al.,

2008; Rose et al., 2008; Wiedensohler et al., 2009). Aerosol-

and updraft-sensitive (transitional) conditions of CCN activa-

tion can occur in a wide range of regions and meteorological

situations with low/moderate updraft velocities and aerosol

concentrations (shallow convection in moderately polluted

continental air), as well as in the high updraft velocities and

aerosol concentrations typical for pyro-convection.

In comparison to our model results, the observed aerosol-

cloud droplet relations reported by Ramanathan et al. (2001a)

would lie at the border between updraft-limited and transi-

tional regimes of CCN activation (Fig. 7), corresponding to

updraft velocities around ∼0.5 m s−1. Note, however, that

the reported relations are characteristic for marine rather than

pyro-convective conditions, which may limit the compara-

bility. Model investigations using typical marine aerosol
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properties are under way and will be presented and discussed

elsewhere (Gunthe et al., 2009b). Nevertheless, first results

indicate that the regimes are not very different.

For pyro-convective clouds with w≈5–20 m s−1 and

NCN≈104–105 cm−3, our model results indicate very

high droplet number concentrations at the cloud base

(NCD≈(0.5–4)×104 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

fractions are substantially higher than assumed in earlier

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

al., 2006). However, the linear extrapolation of our results

to extreme pyro-convective conditions (NCN =4×105 cm−3,

w=20 m s−1) is consistent with the results of Chuang et

al. (1992: Smax=0.15%, NCD/NCN =16%).

When an aerosol particle is activated to a cloud droplet,

the remaining fraction of the aerosol particles is transported

as interstitial aerosol in the pyro-cloud. Unless they are

scavenged by impaction with hydrometeors, they will be re-

leased into the atmosphere in the outflow region of the pyro-

cloud, which can be as high as the upper troposphere or the

lower stratosphere (e.g., Fromm et al., 2005). To quantify

the number of aerosol particles in the outflow region of pyro-

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-

eling activities (e.g., Trentmann et al., 2006; Luderer et al.,

2007) with the investigation of aerosol-cloud interactions in

convective clouds (e.g., Ekman et al., 2008) should help to

better quantify the amount of aerosol deposited in the UT/LS

region by pyro-convection.

3.2 Aerosol particle hygroscopicity and size distribution

To probe and characterize the influence of aerosol particle

hygroscopicity and size distribution on CCN activation at

the base of pyro-convective clouds, we have performed ad-

ditional cloud parcel simulations for exemplary points in the

three different regimes of CCN activation (aerosol-limited;

updraft-limited; transitional; Fig. 4). In Sect. 3.2.1 we ad-

dress the relative importance of the particle size distribution

and hygroscopicity. In Sect. 3.2.2 we investigate and discuss

hygroscopicity effects in more detail.

3.2.1 Relative sensitivities

Based on cloud parcel model simulations, Feingold (2003)

proposed a linear regression method to calculate the rela-

tive sensitivity of one parameter (i.e. cloud-top effective ra-

dius) against the other parameters (variables). McFiggans et

al. (2006) have also used this method to calculate the sensi-

tivities of cloud droplet concentrations on other parameters,

defining sensitivity S(Xi)=∂ ln NCD/∂ ln Xi where Xi is the

investigated parameter affecting NCD , i.e., NCN , Dg , σg , w

Fig. 7. The thick line labeled “Composite scheme” is obtained from

a composite theoretical parameterization that fits the INDOEX air-

craft data for the Arabian Sea (Ramanathan et al., 2001a, and equa-

tions for the line can be found in the Appendix A of Ramanathan

et al., 2001b). The colored points are obtained from the same cloud

parcel model simulations as shown in Fig. 4. The colors indicated

the regimes determined by the w/NCN ratio.

or the mass fraction of ammonium sulphate ε as a proxy of

particle hygroscopicity. To calculate, for example, S(NCN )

they plotted all values of NCD(NCN , Dg, σg, w, ε), i.e.,

NCD calculated as a function of variable values of NCN , Dg ,

σg , w and ε against NCN on a log-log scale. Then a linear

regression was appliedand the slope of the fit line was taken

as S(NCN ).

When this method was applied in the supersaturation-

quenched regime where NCD approaches zero (in case of

very high NCN and/or Dg values), ln NCD values approach-

ing −∞ can strongly influence and distort the slope of the

linear fit. To avoid this problem, we used modified method

in which all values of NCD calculated at a given value of Xi

were averaged prior to fitting. Then the averaged values of

NCD were plotted against Xi on a log-log scale and linearly

fitted. Since this method gives averaged values of relative

sensitivities, we denote it with S(NCN ).

In the sensitivity studies, we used the same model setup

and input parameters as detailed above (Sect. 3.1) to inves-

tigate three cases in different regimes, i.e. one in updraft-

limited regime (w=5 m s−1, NCN =8×104 cm−3), one in

aerosol-limited regime (w=15 m s−1, NCN =1×104 cm−3)

and another one in the transitional regime (w=10 m s−1,

NCN =5×104 cm−3). For each of the three investigated com-

binations of w and NCN we varied the size distribution

and hygroscopicity parameters as follows: Dg=60–200nm,

σg=1.2–2.0, and κ=0.005–0.6.
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Table 1. Average relative sensitivities of NCD on Xi ,

S(Xi)=∂ ln NCD /∂ ln Xi (where Xi is one of Dg , σg and κ).

Aerosol- Updraft-

limited regime Transitional regime limited regime

(Smax>0.5%) (Smax=0.2–0.5%) (Smax<0.2%)

Dg 0.39 0.45 0.32

σg −0.50 −0.91 −0.92

κ 0.15 0.17 0.13

The three regimes are (a) aerosol-limited regime (w=15 m s−1

and NCN =1×104 cm−3); (b) transitional regime (w=10 m s−1

and NCN =5×104 cm−3); (c) updraft-limited regime (w=5 m s−1

and NCN =8×104 cm−3). The ranges of Xi are Dg=60–200 nm,

σg=1.2–2.0 and hygroscopicity parameter κ=0.005–0.6.

As shown in Table 1, S(Xi) is positive for Dg and κ 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 of NCD against

particle size, S(Dg), is two to three times higher than the sen-

sitivity against chemical composition, S(κ). This is consis-

tent with the relative sensitivity of sc on Dg and κ , in which

(∂ ln sc/∂Dg)/(∂ ln sc/∂κ)=3.

The sign of S(σg) is negative because the tail of the dis-

tribution at large sizes results in activation of larger droplets,

reducing supersaturation and NCD values. For both S(Dg)

and S(κ) the deviations between the aerosol-limited, transi-

tional and updraft limited scenarios agreed to within ±15%.

In contrast, S(σg) in the aerosol-limited scenario was by a

factor of 1.8 lower than in the transitional and updraft-limited

scenarios. The sensitivities determined in our case study

for the aerosol limited regime are very similar to the val-

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

(3000 cm−3>NCN>1000 cm−3).

As NCD is a function of five parameters (NCN , w, Dg , σg

and κ), S(Xi)=∂ ln NCD/∂ ln Xi can also be influenced by

each of the parameters. As mentioned above, the sensitivities

calculated in this section represent just an average sensitivity

estimate. In the following section we explore how the rela-

tively low average sensitivity against κ varies under different

conditions.

3.2.2 Hygroscopicity effects

We studied the chemical effects on NCD , i.e. S(κ), in dif-

ferent aerosol chemical composition conditions (different

κconditions) for the three regimes. The same model setup

and input parameters are used as detailed above (Sect. 3.1)

and only κ was varied from 0.005 to 0.6, covering the full

range of effective hygroscopicity parameters reported for

CCN in continental air (Sect. 2.2, Andreae and Rosenfeld,

2008 and references therein).
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Fig. 8. Dependence of cloud droplet number concentrations

(NCD , cm−3, black) and maximum supersaturations (Smax,

%, red) on aerosol particle hygroscopicity (κ=0.005–0.6): (a)

aerosol-limited regime (w=15 m s−1 and NCN =1×104 cm−3); (b)

aerosol- and updraft-sensitive (transitional) regime (w=10 m s−1

and NCN =5×104 cm−3); (c) updraft-limited regime (w=5 m s−1

and NCN =8×104 cm−3).

Figure 8a shows the model results of NCD and Smax

for exemplary conditions in the aerosol-limited regime

(w=15 m s−1, NCN =1×104 cm−3). Under these conditions

and for aerosol particles of medium or high hygroscopicity

(κ≥0.2), the cloud droplet number concentration is practi-

cally independent of κ (plateau level in Fig. 8a). The relative

sensitivities S(κ)=∂ ln NCD/∂ ln κ≈(1NCD/NCD)/(1κ/κ)

is ≤0.06, i.e., a ∼50% difference in κ would change NCD

by less than 3% (Table 2). For aerosol particles with low hy-

groscopicity (0.05<κ<0.2), the dependence of NCD on κ is

still modest, with relative sensitivities S(κ) in the range of
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Table 2. Relative sensitivities of the cloud droplet concentration NCD on the hygroscopicity parameter κ , S(κ)=∂ ln NCD /∂ ln κ≈

(1NCD /NCD)/(1κ/κ) 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

κ (Smax>0.5%) (Smax=0.2–0.5%) (Smax<0.2%)

NCD , 103 cm−3 S(κ) NCD , 103 cm−3 S(κ) NCD , 103 cm−3 S(κ)

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

(κ<0.05), NCD depends strongly on κ . The relative sensi-

tivities S(κ) are ≥0.2, i.e., a ∼50% difference in κ would

change NCD by more than 10% (Table 2).

Figure 8b shows the model results for exemplary

conditions in the transitional regime (w=10 m s−1,

NCN =5×104 cm−3). The dependence of NCD on κ is

qualitatively similar to the aerosol-limited regime (Fig. 8a),

but the relative sensitivities S(κ) are larger, i.e., differences

in κ result in larger differences in NCD and (Table 2).

Note that at κ>0.4 the maximum supersaturation dropped

below 0.2%, indicating a changeover into the updraft limited

regime. At κ>0.45 strong wiggles/outliers in the curve of

NCD vs. κ indicate that the model resolution becomes a

limiting factor under these conditions (low S, high NCN ).

Figure 8c shows the model results for exemplary

conditions in the updraft-limited regime (w=5 m s−1,

NCN =8×104 cm−3). Again the dependence of NCD on κ is

qualitatively similar to the aerosol-limited regime (Fig. 8a),

but the relative sensitivities S(κ) are smaller for particles

with low hygroscopicity (0.05<κ<0.2) and larger for par-

ticles with medium or high hygroscopicity (κ≥0.2, Table 2).

Note, however, that at κ≈0.12 the maximum supersatura-

tions drop already below 0.2% and strong wiggles/outliers

in the curve of NCD vs. κ indicate that the model resolution

becomes a limiting factor.

Overall, the results summarized in Table 2 and Fig. 8 show

that within the range of effective hygroscopicity parame-

ters that is characteristic for continental atmospheric aerosols

(κ≈0.05–0.6), NCD does not strongly depend on the actual

value of κ . As κ increases, Smax decreases which effectively

leads to a buffering of NCD (self-regulation as discussed by

Feingold and Siebert, 2009). Only for aerosols with very

low average hygroscopicity (κ<0.05, all regimes) and in the

updraft-limited regime also for aerosols with higher than

average hygroscopicity (κ>0.3, Smax<0.2%) did the rela-

tive sensitivities S(κ) exceed values of ∼0.2, indicating that

a 50% difference in κ would change NCD by more than

10%. At κ<0.03 and in the updraft-limited regime at κ>0.5

(Smax≤0.1%) the relative sensitivities S(κ) exceeded values

of ∼0.4, indicating that a 50% difference in κ would change

NCD by more than 20%. These findings are consistent with

earlier studies investigating the influence of aerosol chemical

composition on CCN activation in cloud parcel models (e.g.,

Lance et al., 2004; Rissman et al., 2004; Ervens et al., 2005;

Feingold and Siebert, 2009).

In another set of model simulations we added a coarse

particle mode with Dg,c=5 µm and σg,c=1.3, and we as-

signed different fractions of NCN to this mode (fN,c=10−5

to 10−3; Reid et al., 2005; Liu et al., 2008; Janhäll et al.,

2009). With fN,c=10−5 and in the aerosol-limited regime,

the coarse particle mode had practically no influence on NCD

(1NCD/NCD≈0). In the transitional regime 1NCD/NCD in-

creased with decreasing Smax up to ∼10% for fN,c=10−4

and ∼30% for fN,c=10−3, respectively. At Smax<0.1% in

the updraft-limited regime 1NCD/NCD exceeded ∼20% for

fN,c=10−4 and ∼70% for fN,c=10−3, respectively.

Overall, the sensitivity studies show that the calculated

relative changes in NCD exceeded more than 20% only in

the updraft limited regime. Since pyro-convective clouds are

mostly outside the updraft-limited regime and because our

model setup sensitive to small changes at very low super-

saturations, we did not further investigate the influence of

coarse mode particles on CCN activation in the updraft lim-

ited regime. Nevertheless, we suggest and intend to investi-

gate this aspect further with model studies and observational

data for polluted mega-city regions, which are often in the

updraft limited regime. For this purpose, we also suggest

and intend to apply models that enable assigning different

hygroscopic properties to accumulation, Aitken and coarse

mode particles (Gunthe et al., 2009a; Rose et al., 2008b;

Wiedensohler et al., 2009). Moreover, potential kinetic limi-

tations of water vapor uptake at the interface and into the bulk

of aerosol particles have not been considered in the present
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study but need to be further explored and clarified (Nenes et

al., 2001; Laaksonen et al., 2005; McFiggans et al., 2006;

Pöschl et al., 2007, 2009; Engelhart et al., 2008; Ruehl et al.,

2008; Asa-Awuku et al., 2009; Mikhailov et al., 2009; and

references therein).

4 Conclusions

Based on cloud parcel model simulations, we found that

CCN activation and cloud droplet formation can be classi-

fied into three regimes roughly depending on the ratio be-

tween updraft velocity and particle number concentration

(w/NCN ): (1) an aerosol-limited regime (high w/NCN ), (2)

an updraft-limited regime (low w/NCN ) and (3) a transitional

regime (intermediate w/NCN ). The relative sensitivity ratio

RS=(∂ ln NCD/∂ ln w)/(∂ ln NCD/∂ ln NCN ) of 4:1 and 1:4

can used as a general parameter to quantitatively define and

distinguish the different regimes of CCN activation.

Overall, the model results suggest that the variability

of initial cloud droplet number concentration in convective

clouds is mostly dominated by the variability of updraft ve-

locity and aerosol particle number concentration in the ac-

cumulation mode. Coarse mode particles and the variability

of particle composition expressed through the hygroscopicity

parameter κ appear to play important roles only at very low

supersaturation in the updraft-limited regime of CCN activa-

tion (in particular at S≤0.1%).

These conclusions are consistent with field measurements

demonstrating that CCN number concentrations in pristine

as well as in highly polluted continental air can be efficiently

predicted with a constant average hygroscopicity parameter,

whereby the relative deviations between modeled and mea-

sured CCN concentrations exceeded 50% only at very low

supersaturations (≤0.1%; Rose et al., 2008b; Gunthe et al.,

2009a). Thus, we suggest that further experimental and theo-

retical studies of CCN activation and cloud droplet formation

should be focused primarily on the updraft-limited regime,

low water vapor supersaturations and potential kinetic limi-

tations of CCN activation.
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aerosol emissions from vegetation fires: particle number and

mass emission factors and size distributions, Atmos. Chem.

Phys. Discuss., 9, 17183–17217, 2009,

http://www.atmos-chem-phys-discuss.net/9/17183/2009/.

Jiang, H. J., Wang, B., Goya, K., Hocke, K., Eckermann, S. D.,

Ma, J., Wu, D. L., and Read W. G.: Geographical distribution

and interseasonal variability of tropical deep convection: UARS

MLS observations and analyses, J. Geophys. Res., 109, D03111,

doi:10.1029/2003JD003756, 2004.

Kivekas, N., Kerminen, V. M., Anttila, T., Korhonen, H., Li-

havainen, H., Komppula, M., and Kulmala, M.: Parameteriza-

tion of cloud droplet activation using a simplified treatment of

the aerosol number size distribution, J. Geophys Res., 113(D15),

D15207, doi:10.1029/2007JD009485, 2008.

Khain, A. P., BenMoshe, N., and Pokrovsky, A.: Factors determin-

ing the impact of aerosols on surface precipitation from clouds:

An attempt at classification, J. Atmos. Sci., 65, 1721–1748, 2008.

Kreidenweis, S. M., Petters, M. D., and Chuang, P. Y.: Cloud parti-

cle precursors, in: Clouds in the perturbed climate system – their

relationship to energy balance, atmospheric dynamics, and pre-

cipitation, edited by: Heintzenberg, J. and Charlson, R. J., MIT

Press, Cambridge, 291–317, 2009.
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sation nuclei in polluted air and biomass burning smoke near the

mega-city Guangzhou, China – Part 1: Size-resolved measure-

ments and implications for the modeling of aerosol particle hy-

groscopicity and CCN activity, Atmos. Chem. Phys. Discuss., 8,

17343–17392, 2008b,

http://www.atmos-chem-phys-discuss.net/8/17343/2008/.

Rosenfeld, D.: Suppression of rain and snow by urban and industrial

air pollution, Science, 287(5459), 1793–1796, 2000.

Rosenfeld, D.: Aerosols, clouds, and climate, Science, 312, 1323–

1324, 2006.

Rosenfeld, D., Fromm, M., Trentmann, J., Luderer, G., Andreae,

M. O., and Servranckx, R.: The Chisholm firestorm: observed

microstructure, precipitation and lightning activity of a pyro-

cumulonimbus, Atmos. Chem. Phys., 7, 645–659, 2007,

http://www.atmos-chem-phys.net/7/645/2007/.

Rosenfeld, D., Lohmann, U., Raga, G. B., O’Dowd, C. D., Kulmala,

M., Fuzzi, S., Reissell, A., and Andreae, M. O., Flood or drought:

How do aerosols affect precipitation?, Science, 321, 1309–1313,

2008.

Ruehl, C. R., Chuang, P. Y., and Nenes, A.: How quickly do cloud

droplets form on atmospheric particles?, Atmos. Chem. Phys., 8,

1043–1055, 2008,

http://www.atmos-chem-phys.net/8/1043/2008/.

Segal, Y. and Khain, A.: Dependence of droplet concentration

on aerosol conditions in different cloud types: Application to

droplet concentration parameterization of aerosol conditions, J.

Geophys. Rev., 111, D15204, doi:10.1029/2005JD006561, 2006.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and

physics, Wiley & Sons, 2006.

Simmel, M. and Wurzler, S.: Condensation and activation in sec-

tional cloud microphysical models, Atmos. Res., 80, 218–236,

2005.

Simmel, M., Trautmann, T., and Tetzlaff, G.: Numerical solution

of the stochastic collection equation – comparison of the Linear

Discrete Method with other methods, Atmos. Res., 61, 135–148,

2002.

Su, H., Reutter, P., Trentmann, J., Rose, D., Gunthe, S., Simmel,

M., Nowak, A., Wiedensohler, A., Achtert, P., Hu, M., Shao, M.,
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