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Abstract

We have investigated the formation of cloud droplets under (pyro-)convective condi-
tions using a cloud parcel model with detailed spectral microphysics and with the κ-
Köhler model approach for efficient and realistic description of the cloud condensa-
tion nucleus (CCN) activity of aerosol particles. Assuming a typical biomass burning5

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=0.5–20 m s−1) and aerosol particle number concentrations (NCN=103–105 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 activation10

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 supersatu-
ration (Smax>≈0.5%), and high activated fractions of aerosol particles
(NCD/NCN>≈90%). In this regime NCD is directly proportional to NCN and practi-15

cally independent of w.

2. An updraft-limited regime that is characterized by low w/NCN ratios
(<≈10−4 m s−1 cm3), low maximum values 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 .20

3. An aerosol- and updraft-sensitive regime, which is characterized by parameter
values in between the two other regimes and covers most of the conditions rele-
vant 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 hygroscopicity25

on NCD. Within the range of effective hygroscopicity parameters that is character-
istic for continental atmospheric aerosols (κ≈0.05–0.6), we found that NCD depends
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rather weakly on the actual value of κ. Only for aerosols with very low hygroscopicity
(κ<0.05) and in the updraft-limited regime also for aerosols with higher than average
hygroscopicity (κ>0.3) did the relative differential quotients (∆NCD/NCD)/(∆κ/κ) exceed
values of ∼0.2, indicating that a 50% difference in κ would change NCD by more than
10%. Realistic changes in the aerosol particle size distribution had practically no effect5

on the aerosol-limited regime and limited influence on the aerosol- and updraft sensi-
tive regime (∆NCD/NCD<30%) but can have strong effects at low supersaturation in the
updraft-limited regime (∆NCD/NCD>30% at Smax<0.1%). Overall, the results of this and
related studies suggest that the variability of initial cloud droplet number concentration
in (pyro-)convective clouds is mostly dominated by the variability of updraft velocity and10

aerosol particle number concentration in the accumulation mode. Coarse mode par-
ticles and the variability of particle composition and hygroscopicity appear to be play
major roles only at low supersaturation in the updraft-limited regime of CCN activation
(Smax<0.2%).

1 Introduction15

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
convective clouds play an important role in the vertical redistribution 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,20

modifications of convective cloud properties can affect weather and climate on local
and global scales (Rosenfeld, 2006).

A crucial factor for the dynamical and microphysical evolution of clouds is the acti-
vation 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. En-25

hancing 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,
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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; Rosenfeld
et al., 2008).5

Transport through deep convective clouds has been identified as a relevant source
for upper tropospheric/lower stratospheric (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 activated aerosol particles and on the micro-
physical evolution of deep convective clouds (nucleation and precipitation scavenging),10

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 atmospheric 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 et15

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 are20

the number, size and hygroscopicity of aerosol particles as well as the updraft veloc-
ity 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; Fein-
gold, 2003; Lance et al., 2004; Lohmann et al., 2004; Ervens et al., 2005; Segal and25

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 concentrations can reach up to ∼105 cm−3 (Andreae et al.,
2004; Reid et al., 2005; Janhäll et al., 2009).
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To investigate and characterize the process of CCN activation in (pyro-)convective
clouds, we have performed cloud parcel model simulations for a wide range of con-
ditions, including the high updraft velocities and aerosol particle number concentra-
tions observed over wildfires (0.5–20 m s−1, 103–105 cm−3). Moreover, we have imple-
mented and tested the κ-Köhler model approach as an efficient and realistic new way5

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 surrogates species like sodium chloride (e.g., Segal and
Khain, 2006).

In Sect. 2 of this paper we describe the applied cloud parcel and Köhler models10

(hygroscopicity parameter and osmotic coefficient formalisms), and we present the re-
sults of test calculations performed for comparison and validation against an alternative
cloud parcel model with spectral microphysics (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 updraft velocity and aerosol particle number15

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 developed by Simmel et al. (2002)
and contains a detailed spectral description of cloud microphysics (Simmel and Wur-20

zler, 2006; Diehl et al., 2006, 2007). Based on a given dry aerosol size distribution, the
model initially calculates the equilibrium aerosol size distribution at the relative humid-
ity prescribed 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 aerosol25

particles and further condensational growth of cloud droplets. Collision-coalescence
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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 following equation (Prup-5

pacher 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 latent heat of condensa-
tion (2.50078×106 J kg−1), RV the gas constant for water vapor (461.5 J kg−1 K−1), K ∗

the modified thermal conductivity of air (W m−1 K−1), es,w the saturation water vapor10

pressure, D∗ the modified diffusion coefficient 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 Wurzler (2006).
Both aerosol particle and cloud droplet size and growth are described on a common15

spectral grid. The simulations presented here were carried out using 264 logarithmi-
cally 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 parameters
include liquid water mass and particle number for each size bin.20

The input parameters required to initialize the simulations are: (1) the initial meteo-
rological 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 stoichiometric25

dissociation coefficient and osmotic coefficient, νsΦs; see Sect. 2.2).
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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 particle number concentration (NCN ), size distribution, and hygroscopicity5

parameter were varied as detailed below.
The highest value of the water vapor supersaturations calculated 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 fractions (NCD/NCN ) reported below were determined from10

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 correspond-
ing to the maximum supersaturation of each parcel model run (Seinfeld and Pandis;
2006; Dwet,c=

2A
3lnSc

with A=4σMw
RTρw

, and Sc=Smax; for symbols and parameter values see
Sect. 2.2 and Rose et al., 2008a). Under the model conditions investigated in this study15

(constant updraft, no entrainment, no coagulation), the results are the same when us-
ing 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 models20

According to Köhler theory, 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 hygroscopicity parame-25

ter (κ) Köhler model and an osmotic coefficient (OS) reference model which is more
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accurate but also more complex as detailed by Rose et al. (2008a). In the OS Köhler
model, aw is given by

aw = exp (−νsΦsµsMw ) (3)

where νs, Φs and µs are the stoichiometric dissociation number, osmotic coefficient
and molality of the aerosol particle material (solute), respectively, and Mw is the molar5

mass of water. In the test simulations for sodium chloride particles (Sect. 2.4), we have
used νs=2 and the parameterization of Pitzer and Mayorga (1973) for Φs (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 and Vs are the effective hygroscopicity parameter and the volume of dry par-10

ticulate matter (VS=
4
3π × r3

s , with rs the radius of the particles), and Vw is the volume of

water in the aqueous particle/droplet (VW=4
3π×r

3
w , with rw the radius of the wet fraction).

Characteristic values of κ are 0 for completely insoluble particles, 0.6 for (NH4)2SO4
and 1.28 for NaCl (Petters and Kreidenweis, 2007; Rose et al., 2008a). The hygro-
scopicity parameters of biomass burning aerosols range from 0.01 for freshly emitted15

smoke containing mostly soot particles to 0.55 for aerosol from grass burning, 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 of20

real atmospheric aerosols (rural and biomass burning) we have used κ=0.2 and
ρs=1300 kg m−3. The Kelvin term was described by

Ke = exp
(

2σ
RV Tρwrwet

)
(5)
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where σ 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 density of water and T is the temperature. In the test simulations for sodium
chloride particles (Sect. 2.3) using the OS Köhler model, σ was calculated by a param-
eterization (Pruppacher and Klett, 1997). In all simulations using the κ-Köhler model,5

σ 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 simulations with the OS Köhler model and against the results
of an alternative cloud parcel model using sodium chloride particles as a surrogate for10

atmospheric aerosols (Segal and Khain, 2006).
The influence of the different Köhler model approaches was evaluated in test sim-

ulations for two cloud base updraft 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 dis-
tribution as specified by Segal and Khain (2006) with a geometric mean diameter of15

60 nm and a standard deviation of σ=1.35. Figure 1 shows that the maximum su-
persaturations (Smax) as well as the cloud droplet number concentrations (NCD) deter-
mined with the κ-Köhler model were slightly lower than with the OS reference model.
The differences can be attributed to simplifying assumptions in the κ-Köhler model that
lead to deviations in the critical supersaturation for CCN activation (Rose et al., 2008a).20

Nevertheless, the small relative deviations in Smax and NCD (<3%) confirm that the κ-
Köhler approach is suitable for describing the hygroscopic properties and CCN activity
of atmospheric aerosols in the cloud parcel model.

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 κ25

of 1.28 representing NaCl. The resulting cloud droplet concentrations shown in Fig. 2
are in fair agreement with the results of Segal and Khain (2006, Fig. 6f) who investi-
gated CCN activation with an alternative air parcel model with spectral description of
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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 activation5

To probe and characterize the influence of aerosol particle number concentration and
updraft velocity on CCN activation and droplet formation at the base of pyro-convective
clouds, we have performed cloud parcel model simulations assuming a mono-modal
particle size distribution characteristic for young biomass burning aerosols. The dry
particle size distribution is determined by an accumulation mode with a count median10

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 described
by an effective hygroscopicity parameter of 0.2 (Andreae 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 the15

initial number concentration of aerosol particles have been varied systematically over
the range of w=0.5–20 m s−1 and NCN=1–100×103 cm−3.

Figure 3 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 ef-
fectively corresponds to NCN,30, i.e. the number of aerosol particles larger than 30 nm.20

The corresponding activated fractions of aerosol particles and the maximum water va-
por supersaturations reached in the ascending air masses (Smax) are shown in Figs. 4
and 5, respectively.

The NCD isolines (isopleths) shown in Fig. 3 exhibit three distinctly different regimes
of CCN activation and cloud droplet formation: (1) an aerosol-limited regime in the25

upper left sector of the plot; (2) an updraft-limited regime in the lower right sector; and
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(3) an aerosol- and updraft-sensitive 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 production and concentration (Seinfeld and Pandis, 2006, p. 236).5

The aerosol-limited regime of CCN activation is characterized by a rela-
tively high ratio between the updraft velocity and particle number concentration
(w/NCN>≈10−3 m s−1/(cm−3), Fig. 3), by a high activated fraction of aerosol parti-
cles (NCD/NCN>≈90%, Fig. 4), and by high maximum values of water vapor su-
persaturation (Smax>0.5%, Fig. 5). In this regime, NCD is directly proportional to10

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).

The updraft-limited regime is characterized by a relatively low ratio between the up-15

draft velocity and particle number concentration (w/NCN <≈10−4 m s−1/(cm−3), Fig. 3),
by a low activated fraction of aerosol particles (NCD/NCN<≈20%, Fig. 4), and by low
maximum values of water vapor supersaturation (Smax<0.2%, Fig. 5). In this regime
NCD exhibits a linear dependence on w (∂NCD/∂w≈2×103 cm−3/m s−1) and a very
weak dependence on NCN (small slope of isolines; ∂NCD/∂NCN≈0.02). Due to the20

relatively low updraft velocities and high aerosol concentrations, the maximum super-
saturations are so small that only large particles in the upper half of the size distribution
are activated (critical dry diameter >≈120 nm).

The aerosol- and updraft-sensitive regime is characterized by intermediate val-
ues of the ratio between the updraft velocity and particle number concentration25

(w/NCN≈0.5×10−3 m s−1 cm3, Fig. 3), of the activated fraction of aerosol particles
(NCD/NCN ≈20–90%, Fig. 4), and of the maximum values of water vapor supersatu-
ration (Smax≈0.2–0.5%, Fig. 5). In this regime NCD exhibits non-linear dependences
on both w and NCN (strong curvature of isolines; ∂NCD/∂w≈(0–2)×103 m s−1 cm3;

8645

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/8635/2009/acpd-9-8635-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/8635/2009/acpd-9-8635-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 8635–8665, 2009

Aerosol- and
updraft-limited

regimes of cloud
droplet formation

P. Reutter et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

∂NCD/∂NCN≈0.4–1). Depending on the maximum supersaturations, the critical dry
diameter for CCN activation ranges from well below up to the maximum of the aerosol
particle size distribution (∼60–120 nm).

The key features of the three regimes of CCN activation illustrated in Figs. 3–5 are
not specific for young biomass burning aerosols and pyro-convective conditions but5

likely to apply also for other types of aerosols and meteorological conditions. This
is due to the fairly similar CCN properties of aerosols in most regions of the world
(Andreae and Rosenfeld, 2008; Rose et al., 2008a; Gunthe et al., 2009) and confirmed
by sensitivity studies with different aerosol size distributions (not shown) and effective
hygroscopicities (Sect. 3.2).10

In the atmosphere, aerosol-limited conditions of CCN activation with high updraft
velocities and low aerosol concentrations 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 vertical forcing of clean air masses (Murphey et
al., 2005). Updraft-limited CCN activation with low updraft velocities and high aerosol15

concentrations is likely to occur in shallow convection of polluted air over locations or
regions with strong sources of aerosols such as biomass burning and fossil fuel com-
bustion 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 conditions of CCN activation can occur in a wide range of regions and20

meteorological situations with low/moderate updraft velocities and aerosol concentra-
tions (shallow convection in moderately polluted continental air), as well as in the very
high updraft velocities and aerosol concentrations typical for pyro-convection.

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≈(0.5–25

4)×104 cm−3; Fig. 3). The corresponding maximum water vapor supersaturations and
activated fractions of aerosol particles are in the range of 0.2–0.5% and 20–80%, re-
spectively (Figs. 4 and 5). The activated particle fractions are substantially higher
than assumed in earlier model studies of pyro-convective clouds (5%, Trentmann et
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al., 2006). On the other hand, 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%).

The cloud droplet number concentrations presented in this study are exceptionally
high compared to non-pyro-convective clouds. These high concentrations of small5

cloud droplets at the cloud base have important effects on the subsequent microphysi-
cal evolution of pyro-convective clouds, because the cloud droplet collision efficiency is
quite low for small droplets (Pinsky et al., 2001). Under these conditions, the produc-
tion of larger cloud droplets by collision-coalescence and hence the formation of warm
rain is suppressed. Therefore the liquid water in the cloud can be lofted into higher10

atmospheric regions, where, by release of latent heat through freezing processes, the
strength of the convection can be enhanced (Rosenfeld et al., 2008). But, because
of the fast updrafts in pyro-clouds combined with the small droplet size, ice formation
is dominated by homogeneous freezing around −38◦C, producing a large number of
small ice particles. This results in the suppression of precipitation even from the ice15

phase mechanisms (Luderer et al., 2006; Rosenfeld et al., 2007). Note, that despite
the enormous energy release by wildfires, the release of latent heat from condensation
and freezing dominates the energy budget of pyro-clouds (Trentmann et al., 2006).

When an aerosol particle is activated to a cloud droplet it is also scavenged from the
atmosphere (nucleation scavenging). The remaining fraction of the aerosol particles is20

transported as interstitial aerosol in the pyro-cloud and, unless they are scavenged by
impaction with hydrometeors, they will be released 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 are25

required that take into account the interaction of aerosol particles and hydrometeors.
Combining pyro-convective modeling 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
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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 on CCN
activation at the base of pyro-convective clouds, we have performed additional cloud
parcel simulations for exemplary points in the three different regimes of CCN activation5

(aerosol-limited; updraft-limited; aerosol- and updraft-sensitive; Fig. 3).
In these simulations we used the same model setup and input parameters as detailed

above (Sect. 3.1), but for each of the three investigated combinations of w and NCN we
varied the effective hygroscopicity parameter from 0.001 to 0.6, covering the full range
of κ values that have been reported from CCN measurements of continental aerosols.10

The global average value of κ in continental air is ∼0.3; sulfate- or nitrate-rich particles
have higher values (∼0.4–0.6); biomass burning particles are mostly in the range of the
κ≈0.1–0.3; and largely insoluble particles such as soot, primary biological particles and
mineral dust are characterized by κ<0.1 (Petters and Kreidenweis, 2007; Andreae and
Rosenfeld, 2008; Rose et al., 2008b; Gunthe et al., 2009; Kreidenweis et al., 2009;15

Pöschl et al., 2009).
Figure 6a 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 num-
ber concentration is practically independent of κ (plateau level in Fig. 6a). The relative20

differential quotient (∆NCD/NCD)/(∆κ/κ) is ≤0.06, i.e., a ∼50% difference in κ would
change NCD by less than 3% (Table 1). For aerosol particles with low hygroscopic-
ity (0.05<κ<0.2), the dependence of NCD on κ is still modest, with relative differential
quotients (∆NCD/NCD)/(∆κ/κ) in the range of 0.06–0.2. Only for particles with very low
hygroscopicity (κ<0.05), NCD depends strongly on κ. The relative differential quotients25

(∆NCD/NCD)/ (∆κ/κ) are ≥0.2, i.e., a ∼50% difference in κ would change NCD by more
than 10% (Table 1).

Figure 6b shows the model results for exemplary conditions in the aerosol- and
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updraft- sensitive 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. 6a), but the relative differen-
tial quotients (∆NCD/NCD)/(∆κ/κ) are larger, i.e., differences in κ result in larger differ-
ences in NCD and (Table 1). 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 strong5

wiggles/outliers in the curve of NCD vs. κ indicate that the model resolution becomes a
limiting factor under these conditions (low S, high N).

Figure 6c 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 qualita-
tively similar to the aerosol-limited regime (Fig. 6a), but the relative differential quotients10

(∆NCD/NCD)/(∆κ/κ) are smaller for particles with low hygroscopicity (0.05<κ<0.2) and
larger for particles with medium or high hygroscopicity (κ≥0.2, Table 1). Note, however,
that at κ≈0.12 the maximum supersaturations 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.15

Overall, the results summarized in Table 1 and Fig. 6 show that within the range of
effective hygroscopicity parameters that is characteristic for continental atmospheric
aerosols (κ≈0.05–0.6), NCD depends only weakly on the actual value of κ. 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>0.3,20

Smax<0.2%) did the relative differential quotients (∆NCD/NCD)/(∆κ/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 differential
quotients (∆NCD/NCD)/(∆κ/κ) exceeded values of ∼0.4, indicating that a 50% differ-
ence in κ would change NCD by more than 20%. These findings are consistent with25

earlier studies investigating the influence of aerosol chemical composition on CCN ac-
tivation in cloud parcel models (e.g., Lance et al., 2004; Rissman et al., 2004; Ervens
et al., 2005).

To test the dependence of our results on the assumed dry aerosol particle size dis-
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tribution, we have performed additional cloud parcel simulations with size distributions
differing from the standard biomass burning particle size distribution used above. In-
creasing the geometric mean diameter of the accumulation mode (Dg) from 120 nm
to 130 nm, had practically no effect on NCD in the aerosol-limited regime of CCN
activation. In the aerosol- and updraft sensitive regime, the relative deviations in-5

creased with decreasing Smax from ∆NCD/NCD<3% at Smax>0.3% to ∆NCD/NCD≈10%
at Smax≈0.2%. Only at Smax<0.1% in the updraft-limited regime did ∆NCD/NCD exceed
30%.

In another set of model simulations we added a coarse particle mode with Dg,c=5µm

and σg,c=1.3, and we assigned different fractions of NCN to this mode (fN,c=10−5 to10

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
(∆NCD/NCD≈0). In the aerosol- and updraft-sensitive regime ∆NCD/NCD increased 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 ∆NCD/NCD exceeded ∼20% for fN,c=10−4 and15

∼70% for fN,c=10−3, respectively.
Overall, the sensitivity studies show that realistic changes in the dry particle size dis-

tribution are not likely to induce relative changes >3% in NCD provided that Smax>0.3%.
The calculated relative changes in NCD exceeded 20% only in the updraft limited
regime where Smax falls below 0.2%. Since pyro-convective clouds are mostly outside20

the updraft-limited regime and because our model setup sensitive to small changes at
very low supersaturations, we did not further investigate the influence of coarse mode
particles on CCN activation in the updraft limited regime. Nevertheless, we suggest
and intend to investigate this aspect further with model studies and observational data
for polluted mega-city regions, which are often in the updraft limited regime. For this25

purpose, we also suggest and intend to apply models that enable assigning different
hygroscopic properties to accumulation mode and coarse mode particles, as the latter
are likely to be less hygroscopic. Moreover, potential kinetic limitations of water vapor
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uptake at the interface and into the bulk of aerosol particles have not been considered
in the present 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).5

4 Conclusions

Based on cloud parcel model simulations, we found that CCN activation and cloud
droplet formation can be classified into three regimes depending on the ratio between
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) an aerosol-10

and updraft-sensitive regime (intermediate w/NCN ).
Overall, the model results suggest that the variability of initial cloud droplet num-

ber concentration in (pyro-)convective clouds is mostly dominated by the variability of
updraft velocity and aerosol particle number concentration in the accumulation mode.
Coarse mode particles and the variability of particle composition and hygroscopicity15

appear to be play important roles only at very low supersaturation in the updraft-limited
regime of CCN activation (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 ef-
ficiently predicted with a constant average hygroscopicity parameter of κ≈0.3, whereby20

the relative deviations between modeled and measured CCN concentrations exceeded
50% only at very low supersaturations (≤0.1%; Rose et al., 2008b; Gunthe et al., 2009).
Thus, we suggest that further experimental and theoretical studies of CCN activation
and cloud droplet formation should be focused primarily on the updraft-limited regime,
low water vapor supersaturations and potential kinetic limitations of CCN activation.25
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Table 1. Relative differential quotients (∆NCD/NCD)/(∆κ/κ) characterizing the dependence of
cloud droplet number concentration (NCD) on aerosol particle hygroscopicity (κ) in the aerosol-
limited, aerosol- and updraft-sensitive, and updraft-limited regimes of CCN activation. Numeri-
cal values correspond to the exemplary scenarios illustrated in Fig. 6.

κ Aerosol-limited regime Aerosol- and updraft-sensitive regime Updraft-limited regime
(Smax>0.5%) (Smax=0.2–0.5%) (Smax<0.2%)

NCD,103 cm−3 (∆NCD/NCD)/(∆κ/κ) NCD,103 cm−3 (∆NCD/NCD)/(∆κ/κ) NCD,103 cm−3 (∆NCD/NCD)/(∆κ/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
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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) and κ-Köhler model (black lines). The updraft velocity was
set to w=1.5 m s−1 (solid lines) or w=3.0 m s−1 (dashed lines), and the initial aerosol particle
number concentration was set to NCN=3000 cm−3 with particle properties as specified by Segal
and Khain (2006).
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Fig. 2. 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) with
particle properties as specified by Segal and Khain (2006).
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Fig. 3. 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).
Dotted lines indicate borders between different regimes.
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Fig. 4. Fraction of activated aerosol particles (NCD/NCN , %, isolines) calculated as a function
of updraft velocity (w, m s−1) and initial aerosol particle number concentration (NCN , cm−3).
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Fig. 5. Maximum supersaturation (Smax, %, isolines) calculated as a function of updraft velocity
(w, m s−1) and initial aerosol particle number concentration (NCN , cm−3).
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Fig. 6. Dependence of cloud droplet number concentrations (NCD, cm−3, black) and max-
imum 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 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).
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