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ABSTRACT

During February 1997, one of the 2 observational periods of CIME (cloud ice mountain experi-
ment), a joint field experiment funded by the European Commission, took place on the summit
of the Puy de Dome in the centre of France. During this experiment the droplet spectra were
measured with an FSSP and the aerosol particles in the drops and in the interstitial particle
phase were measured with a counterflow virtual impactor and a round jet impactor inside a
windtunnel. Very low aerosol particle and drop concentrations were observed and particles as
small as 25 nm in diameter were found to activate. Two datasets obtained on 15 February and
17 February were used to study the activation of the small Aitken-mode particles and the
spectral form of the droplet spectrum and the scavenging fraction. Numerous sensitivity studies
were performed investigating the role of the number density and chemical composition of the
aerosol particles. The role of mixing inside the orographic cloud was studied by using a new
technique. It considers the fact that the air arriving on the summit of the Puy de Dome is a
mixture of air of different origins. Thus, it weighs the results of a spectral scavenging model
(DESCAM or EXMIX) calculated along a number of individual trajectories. The weighing
function is derived from tracer and trajectory studies with a 3-dimensional mesoscale model.
The model was able to reproduce the activation of aerosol particles as small as 25 nm. It was
caused by the low aerosol particle number concentrations. In general, we can conclude that the
variability found in the sensitivity tests of the dynamical and chemical factors allows to repro-
duce the shape of the observed results. As too many free parameters exit at the moment we
cannot quantify the contribution of each factor studied to the observed scavenging fraction,
however, it seems that dynamics dominates.

1. Introduction

Clouds cover at all times large fractions of our
planet. They play a crucial role in the hydrological
cycle, act as chemical “factories” by scavenging
atmospheric trace constituants and are recognised
to be an important factor in determining the
climate of the earth (ICCP, 1995). Thus, the
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investigation of clouds is a significant element in
our striving to understand the functioning of the
atmosphere. One aspect of this investigation are
field campaigns trying to study in-situ the clouds,
another aspect are numerical simulations which
help to generalise the hypotheses. Even though
cloud modelling has enormously advanced over
the last decades and arrive at successfully pre-
dicting cloud dimensions and liquid water content
still problems remain unsolved. One, which has
been extensively discussed in the literature (Colvile
et al., 1994; Wobrock et al., 1994; Hallberg et al.,
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1997) is the problem of modelling the droplet size
distribution. Already thirty years ago (Twomey,
1959; Warner, 1969, 1973) this problem has been
identified. Noone et al. (1992) have identified a
related problem connected to the determination
of the “scavenging fraction”, ie., the fraction of
the initial aerosol particle spectrum that has served
as cloud condensation nuclei (CCN). Since then,
the problem has been narrowed down and it has
been found that the exact knowledge of the initial
aerosol particle size distribution and its chemical
nature which supply the CCN is of utmost impor-
tance (Hallberg et al, 1994, 1997). In the past
years this problem has been addressed in a number
of different campaigns. Noone et al. (1992)
reported, e.g., for a polluted ground fog near
Bologna (Italy) that aerosol particles between
0.4-0.7 pum have activated to form drops. Hallberg
et al. (1994) have reported values of 0.08—0.2 pm
for the orographic clouds at Kleiner Feldberg, a
mountain site in a polluted part of Germany, and
Martinsson et al. (1997) have measured values
larger than 0.1 pm in the cap clouds of the Great
Dun Fell in a less polluted air mass of northern
England. In all these cases, the scavenging function
showed an S-type shape with a “cut-off” smeared
out over several hundred nanometers (see Noone
et al.; 1992 for a discussion of the concept).

It seems, however, that the size and the chemical
composition of the particles is not the only factor.
The complex mixing and entrainment going on in
clouds at different level will also mix in fresh
CCN. Those will broaden, e.g., the drop spectrum
beyond the one predicted only from the theory of
simple adiabatic ascent (Warner, 1969, 1973; Baker
and Latham, 1979, 1982; Baker et al., 1980) and
change the scavenging fraction (Noone et al.,
1992). Taking into account the composition and
distribution of the aerosol particles and the mixing
going on in clouds has improved the modelling of
the drop number distribution and the scavenging
fraction. However, it is still not possible to exactly
reproduce the measured distributions.

In order to further advance in this direction we
have employed in the current study a novel
approach to simulate the mixing in a cloud form-
ing orographically at a mountain site, thus, com-
plementing and extending our previous study
(Hallberg et al., 1997). Then, we have simulated
the clouds observed at the summit of the Great
Dun Fell mountain in the North of England
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during the 1993 GCE (Ground based Cloud
Experiment) of EUROTRAC (see special issue of
Atmospheric  Environment, vol. 31, no. 16 for
description). We have modelled, then, the cloud
droplet spectrum and compared it to the measured
ones initialising the model with measured aero-
sol particle size distributions resulting from
Differential Mobility Particle Sizer and impactor
measurements. We noticed, then, a strong depend-
ency whether we assumed that the air arriving at
the summit originated from a surface trajectory
or an elevated trajectory (Fig.2d of Hallberg
et al., 1997).

Consequently, in the present study we modified
the model and studied the droplet spectra and the
scavenging fraction as a function of different tra-
jectories originating at different levels between the
surface and the trajectory grazing the summit.
Numerical tracer experiments allow to derive
weighing functions to define relative contributions
of the different levels to the summit air. With this
new tool we perform several sensitivity studies
concerning the drop spectrum and scavenging
fraction.

As a basis we selected the observations per-
formed during the first measuring period
(February, 1997) of CIME (cloud ice mountain
experiment), a joint field experiment funded by
the European Commission in order to study the
fate of pollutants during the freezing of a cloud
(CIME, 1998). During the first measuring period
the objectives of CIME could not be reached, as
the temperatures remained too high (above
—3°C), thus, a successful second measuring period
was appended in February 1998. This will be
subject of a separate publication.

However, the instrumentation during the first
measuring period allowed to obtain a dataset
interesting for the investigation performed in the
current paper, as this time the initial aerosol
particle size distribution was measured by a CVI
(counterflow virtual impactor) (Schwarzenbock,
1998). Also, here, for the first time the activation
of small Aitken-mode particles as low as 25 nm
was measured while the total number concentra-
tion of the particles and drops was quite low
(Schwarzenbock et al, 1998). The aim of this
paper is to understand the measured drop spectra
and scavenging fraction and their sensitivity with
respect to a number of parameters including
mixing processes.

Tellus 52B (2000), 3
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Section 2 will shortly explain the experimental
set-up and the obtained measurements. Sections
3,4 will present the applied model tools and the
initial conditions used for the model simulations.
The results and the discussion are presented in
Sections 5 and 6.

2. Measurements of the interstitial and
residual aerosol particles

2.1. Experimental set-up

The main measuring platform during CIME
was the cloud-windtunnel on the Puy de Dome,
an ancient volcano (1465 m) in the centre of
France, which was equipped with a great number
of microphysical, particle, and gas measuring
instruments. For this modelling study we will only
exploit the observations of droplet spectra, and
the spectra of interstitial and residual aerosol
particles obtained on 15 and 17 February 1997.

The meteorological conditions for both events
differed strongly. On 15 February a cold front
passed the observational site, northerly wind con-
ditions and temperature between —4 and —3°C
prevailed. The observations presented here were
taken in the final phase of the cloud presence
where strong mixing processes prevailed.

The measurements taken on the afternoon of
17 February 1997 respresent more typically the
capped cloud condition on Puy de Doéme. Then,
westerly winds prevailed which forced the ascent
of humid air in a stably stratified boundary layer
leading to the formation of the characteristic
“chapeau” on the PDD. Temperature was around
0°C, wind speeds on the summit 10—-12 m/s.

The droplet spectra were measured by a PMS
FSSP-100, which was installed outside the wind-
tunnel. When the instrument was exposed to the
supercooled air it rapidly iced. Thus, only directly
after de-icing the measurements can be considered
as free of artefacts. Consequently, only few reliable
measurements of the droplet spectra are available.

The interstitial and residual aerosol particles
were measured inside the cloud-windtunnel under
controlled conditions. The inlet used to sample
cloud droplets was a Counterflow Virtual
Impactor (CVI, Ogren et al, 1985) which was
developed for the CIME campaign by the Institut
fir Troposphérenforschung, Leipzig (Schwarzen-
bock, 1998). With the CVI, hydrometeors larger
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than the cut size of the probe (5 pm in diameter)
are impacted from the ambient air into a dry and
particle-free carrier airstream. Once sampled, each
droplet is evaporated leaving behind a residual
particle while water and other volatile species in
the hydrometeors are driven into the gas phase.
A Differential Mobility Particle Sizer (DMPS)
and a Lyman-o hygrometer allow the characteris-
ation of the residual aerosol particles and their
initial liquid water content. The outer housing of
the CVI was heated with heating foils underneath
to prevent icing of the CVI in its high speed wind
tunnel. The heating foils were neither in contact
with the CVI sample flow tubing nor with the
sample flow itself to exclude artefacts (see CIME,
1999).

Hydrometeors and non-activated interstitial
particles smaller than 5 pum in diameter were
sampled by using a Round Jet Impactor (RJI)
installed next to the CVI in the windtunnel
(Schwarzenbock, 1998), dried on the way to the
second DMPS system in order to observe the size
distribution of the interstitial particle spectrum.

The collection efficiency curves of the CVI and
the RJI are presented in Schwarzenbock et al.
(1997) and CIME (1999). The calibrated sampling
efficiency for the CVI increases from 15% to 85%
(5% to 95%, respectively) within a size range of
the aerodynamic cloud element diameter of less
than 2 um (4 pm, respectively). The CVI contam-
ination with smaller particles can, thus, be consid-
ered non-significant. Analogous results were
obtained for the calibration of the RJI (CIME,
1998). Considering the cut-size of 5 um in diameter
we can, however, not exclude that unactivated
aerosol particles larger than this size were meas-
ured by the CVI and that activated drops existing
below this size were sampled by the RJI. This is
supported by the fact that on 17 February the
FSSP reported at 204 drops per cm® while the
CVI recorded only 128 residual particles cm 3
(15 February at 11:00: 221 cm ™3 FSSP versus
210 cm ™3 CVI). Thus, when we talk about inter-
stitial or residual particles these terms apply to
the 2 reservoirs measured by CVI and RIJIL. Also
the model results presented later take into account
these limitations.

2.2. Observational results for the scavenging
fraction

The sampling approach with 2 identical DMPS
for CVI and RJI allows a direct comparison of
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particles within the same dry particle size range,
which did and did not grow larger than 5 pm. The
fraction of the total number of aerosol particles
within one size bin that is found in cloud droplets
is defined as

Ni,CV]

Fni=Y7—""—"+—>
" Nievit+ Niga

(1)

where N, ¢y is the number concentration for the
size bin i measured with the CVI inlet, and N; gy
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is the number concentration in the same size bin
i measured with the interstitial (i.e., round jet
impactor) inlet. Fy; is also called the scavening
fraction.

In Figs. 1a,b we present 2 measurements of the
dry particle size distribution obtained by the
DMPS units behind the interstitial and the CVI
inlet and the derived scavenging fraction. The
measurements were obtained in clouds on 15 and
17 February 1997. Both results represent averages

a) 15. Feb. 1997: 11.00-11.20
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Fig. 1. Measurements of the number of interstitial aerosol particles by the RJI (solid line), the number of residual
aerosol particles by the CVI (dotted line) and the resulting scavenging fraction calculated from eq. (1) for

(a) 15 February 1997 and (b) 17 February 1997.

Tellus 52B (2000), 3



AITKEN-MODE AEROSOL PARTICLES

over 20 min. The error in these measurements
range from 10% for the small particles to about
20% for the large.

3. Model description

The model results presented here make use of
3 different modules. The first one is a dynamic
module, which is a 3-D mesoscale model.
Embedded into trajectories calculated by the 3-D
model, a 0-D lagrangian parcel model is launched
which includes a spectral microphysical cloud
model. Here, we employed 2 different modules.
We will first present the 3-D dynamic model, then
the 2 modules for microphysics and scavenging
and then their coupling with the dynamic
framework.

3.1. The 3-D dynamic mesoscale model of Clark
and Hall

The dynamic framework employed in the pre-
sent study is the 3-dimensional model developed
by Clark and co-workers (Clark, 1977, 1979; Clark
and Gall, 1982; Clark and Farley, 1984; Hall,
1980). This model is an established tool for the
simulation of the air flow and the formation of
clouds over complex terrain on small meteorolo-
gical scales (Clark et al., 1994; Bruintjes et al.,
1995; Wobrock et al., 1997). The present non-
hydrostatic version of the code uses a terrain
following vertical co-ordinate with a user-defined
spacing. The bulk cloud liquid water is determined
by a saturation adjustment, as described in
Bruintjes et al. (1995).

3.2. The microphysics module DESCAM

One of the microphysics employed in the present
study is the module DESCAM, i.c., the detailed
scavenging and microphysical model as discussed
in Flossmann et al. (1985, 1987) coupled to a 0-D
Lagrangian parcel model dynamics. There, the
aerosol particles are treated by a spectral number
or mass density distribution function y/(m,p) with
mup being the radius of the moist aerosol particle:

0 P 0 P
O] i pmag) — g U + L)
ot Ot ot
Y (map) O (mp)
* ot con/eva ot imp (2)
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Apart from dynamical, i.e., entrainment processes
considered by the first term on the right-hand side
of eq.(2) (u is the entrainment parameter, U the
vertical velocity of the air parcel, and the primed
values pertain to the values in the unperturbed
environment), the number of particles of a certain
size changes due to activation to drops (act), due
to size changes resulting from humidity changes
(con/eva), and due to impaction scavenging by
drops (imp). The nucleated drops are also
described by a spectral number or mass density
distribution function y/(m) with m being the radius
of the drop.

oy (m) aym|  ow(m)
Tor T HYEIUE T T T e
ot imp (3[ coll/coal
N a[pﬂ(m) . (3)
Ot |preak

They grow by condensation or evaporate (con/
eva), collide and coalesce (coll/eva), and eventually
break up. During their lifetime they further scav-
enge particles (imp) and the scavenged pollutant
mass is redistributed through the microphysical
processes. The extension of this microphysical and
scavenging model to the scavenging of 2 different
types of aerosol particles (e.g., (NH4),SO, and
NaCl for marine air masses) is described in
Flossmann (1991) and the inclusion of effects of
gaseous H,0O, and O; on the uptake and oxidation
of SO, was presented in Flossmann (1994). The
version used here contains prognostic equations
for 4 distribution functions { as summarised in
Table 1. For further details on the terms changing
the density distribution functions see Flossmann
et al. (1985) and Flossmann (1994). The resulting
droplet spectra are compared with the measure-
ments of the FSSP.

As the model was designed to simulate the full
droplet spectrum up to raindrop sizes, the scav-
enged aerosol particle, e.g., is lumped together in
one mass density distribution function y disreg-
arding the fact that in one droplet category m
we may find small as well as large particles.
Thus, when evaporating the droplet spectrum
the detailed information on the initial aerosol
particle spectrum can only partly be retrieved
(Hatzianastassiou et al., 1998). In order to remedy
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Table 1. Four density distribution functions as used in the DESCAM model with m being the drop mass
and mp being the aerosol particle mass; the drop and aerosol particle categories are logarithmically
equally spaced with a mass doubling every second category

Density No. of classes,
distribution minimum and
function maximum radius
f4q (m) drop number density distribution function 69, 1 um—2580 pm
Zapa (M) mass density distribution function for particles 69, 1 pm—2580 pm

in the drops
Sapa (Map)
for particles in the air

gara (Map)
in the air

aerosol particle number density distribution function

the mass density distribution function for particles

81, 1073 um—10 pm

81, 1073 pm—10 pm

this problem we have also used a second micro-
physical module: the model EXMIX.

3.3. The microphysics module EX MIX

The model EXMIX was developed by Wobrock
(1986) in order to study the growth of externally
mixed condensation nuclei in fog and clouds. It
allows at all times to follow the individual activ-
ated aerosol particles through the droplet spec-
trum as it considers only one number density
distribution function ¥ = f for all aerosol particles
and droplets together. The information on the
aerosol nucleus and the attached water mass are
followed via 2 coordinates m for the droplet mass
and myp  for the mass of the dry aerosol nucleus.
In order to take into account the externally mixed
aerosol a third coordinate x; for the chemical
composition is considered with

xi:Xi(859pn9 Msavs)> l:1,,n

Herein, n types of condensation nuclei can be
distinguished differing in solubility fraction e,
density of aerosol particles p,, molecular weight
M, and number of free ions v,. Thus, the time
rate of change of y = f'is:

of (m, MapN> X;)
ot

= —ulf(m, mapn, x;) — f(m, map N, X;)JU

A

0 dm
~om |:f(m, MAp,N> X;) E > (4)

where dm/dt represents the droplet growth equa-

tion as described in Pruppacher and Klett (1997):

—exp(Y)
dm 4 Csat.w (5)
— =A4nur s
dt P R*T N L.p, (LM, ]
esawDvM,, ki T \ TR*
20-5 SSMSpﬂraqSUS

Y RTa Mopy(@—r) (6)
with e: actual water vapour pressure; eg,, ,,: satura-
tion vapour pressure; M,,: molecular weight of
water; ¢: osmotic coefficient of salt in solution;
a: radius of moist aerosol particle or drop; r: radius
of the dry aerosol fraction of insoluble material in
the aerosol nucleus; p,: density of water; R*:
universal gas constant; R,: gas constant of water
vapour; o,: surface tension; L.: latent heat of
evaporation. The right-hand side of eq. (4) corre-
sponds to the first and third term on the right-
hand side of eq. (3). D,: modified diffusion coeffi-
cient and k;: modified thermal conductivity
(Pruppacher and Klett, 1997) read:

, D,
D.= a D, (2nM,\'?
a+A,  ao, < R*T >
L , (7)
ha = a k,
a+Ar + 2nM, \ '
asypc,, < R*T >

herein, A,: vapour jump length; A;: thermal jump
distance; o,: condensation coefficient; o: thermal
accommodation coefficient. These values were

Tellus 52B (2000), 3
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taken as suggested by Pruppacher and Klett
(1997).

The advantage of EXMIX is that we can attrib-
ute to each aerosol particle a different chemistry
and its growth by condensation to form a drop,
and later its evaporation is correctly calculated.
Furthermore, it does not need an activation term
as aerosol particles and drops are treated in the
same number density distribution function. This
means that also the transition from sub- to super-
saturation and vice versa can be described continu-
ously as long as we stay above the deliquescence
point of the particles. Comparison of EXMIX
simulations with results of field experiments can
be found in Schell et al. (1997) and Laj et al. (1997).

The disadvantage of this model is that it only
considers the diffusional growth process and
entrainment but no collision/coalescence, break
up and impaction scavenging. However, estimates
with the DESCAM model confirmed that the
collision and coalescence process as well as break
up and impaction scavenging are negligible in the
considered orographic cloud (see also Hallberg
et al. (1997)).

In order to be able to compare the output of
EXMIX as realistically as possible with the meas-
urements of CVI and RIJI the modelled spectrum
has been multiplied with the collection efficiency
curves of CVI and RJI (Scharzenbock et al., 1997,
CIME, 1999) before calculating the scavenging
fraction.

3.4. The microphysical modules in the 3-D
framework

The dynamic model calculates for the simulation
period the complete 3-dimensional field of temper-
ature, humidity, liquid water content and the 3
wind components. Thus, it allows to calculate
trajectories or back-trajectories starting at differ-
ent points. Each point along the trajectories is
characterised by a complete set of dynamic and
thermodynamic variables, which are used to drive
the 0-D parcel model.

The DESCAM as well as the EXMIX model
need as a starting value temperature, dew points
and the vertical wind speed near cloud base. Along
the in-cloud trajectory temperature changes by:
dT gU , L,
E=_7_H(T_T)U+?Cph. (8)

P p
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The first term on the right-hand side represent the
adiabatic ascent with g acceleration of gravity,
and c, specific heat at constant pressure. The
second term represent the entrainment where T”
is the temperature outside the air parcel. The third
3rd treats the heat set free by condensation with
L, latent heat of condensation and C, is the rate
of phase change calculated by DESCAM or
EXMIX microphysics.

The vertical wind speed U is taken from the
trajectory values. The entrainment parameter y is
calculated from:

r=7% 9)

with « = 0.6 and R radius of the air parcel calcu-
lated from:

dlnR_l U dlnp
a3\ T )

(10)

as detailed in Flossmann et al. (1985). Here, p
density of air.

For the cases where no entrainment was consid-
ered u was set to zero. In the cases where a
trajectory ensemble was calculated the microphys-
ical values at the Puy de DOme summit were
derived by weighing the results i; of the individual
trajectory calculations by:

V= Z Vi,

where ¢; are the weight functions for the different
trajectories as explained in Subsection 5.1.

4. Initial conditions

4.1. Initialisation of the dynamic Clark model

For the simulation we chose a domain of
25-22km? with a grid increment of Ax=Ay =
0.2 km centred around the Puy de Dome. Fig. 2
displays the location of the Puy de Dome within
France and the topography of the region.

We selected 2 different meteorological situations
for our study. The first occurred on 15 February
1997. At 12.00 UTC France was located between
2 fronts: the first was oriented south-west/north-
east and located over the southern part of France.
The second was a cold front over the northern
Atlantic Ocean. The observations at the top of
the Puy de Dome indicated a temperature decrease
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x location of the tracer release

T
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Fig. 2. Map of the location of the Puy de Dome within France and the topography of the region considered. For
15 (17) February 1997 the solid curve along AB (CD) gives the path of the air touching the summit. The dashed
curves indicate the cross-sections used for Fig. 4. The crosses indicate the position of the columns launching tracers

for the 15 and 17 February.

of 3°C between 8.30 and 10.00 UTC, sign of the
cold front crossing the site. The synoptic influence
dominated. Cloud formation occurred between
8.30 and 11.00 UTC at the top of the Puy de
Dome. The LWC was around 0.4-0.5 g m 3. The
clouds began to dissipate at 11.30 and the LWC
decreased to about 0.15 g m 3. During the period
between 10.00 and 14.00 northerly winds prevailed
at the measuring site (7-10m s~ 1).

A complementary situation occurred on
17 February 1997. At 12.00 UTC the northern
part of France was under the influence of a
succession of atmospheric depressions centred on
the north-west of Great Britain, however, the
fronts did not pass the observational site. The
temperature stayed almost constant around 0°C.
An orographic cloud was observed on the top of
the Puy de Dome with LWCs around 0.3 gm 3.
The cloud had dissipated around 16.30 UTC.
During the period between 10.00 and 14.00 west-
erly winds were observed on the summit of the
Puy de Dome.

The model was initialised with the sound-
ings observed at 11:00 UTC at Lyon for the

15 February and at Bordeaux for the 17 February
1997. We studied the situation in both cases after
2.5h of model time when the clouds were well
developed.

4.2. Initialisation of the microphysical models
DESCAM and EXMIX

The initial values for temperature, humidity and
wind were those calculated by the 3-D model. The
initial dry aerosol particle spectrum was derived
by a numerical fit to the observed aerosol particle
distribution measured by the CVI and the RJI on
the summit of the Puy de Dome (Fig. 1). For the
numerical fit we used a superposition of 3 lognor-
mal distributions as proposed by Jaenicke (1988):

AN =y M
dinr /A= L 508 6, In 10

i=1

< [log(r/R,-)]2>
xexp| — .

2(log 0, (11)

The number density distribution function resulting
from the measurements (Fig. 1) and the numerical

Tellus 52B (2000), 3
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700 L L
fitted distribution (eq.11, table 2

15 Feb. 1997 measurement

17 Feb. 1997 measurement

dN/dlogD (# cm™)

T T T T T

10 100
diameter (nm)

Fig. 3. Measured number density distribution functions
for aerosol particles for the 15 February 1997 (solid
curve) and 17 February 1997 (dashed curve). The dotted
curves give the number density distribution function of
aerosol particles resulting from eq. (11) and Table 2.

fits are displayed in Fig. 3. They are summarised
in Table 2. During this period of the CIME cam-
paign no measurements concerning the chemical
composition of the particles were made. Thus, for
the DESCAM simulations it was assumed that all
particles consisted of 50% (NH,),SO, and 50%
insoluble material. With the EXMIX model, how-
ever, several sensitivity tests were performed vary-
ing the chemical composition of the particles as
well as their solubility. The different cases consid-
ered with EXMIX are summarised later in
Tables 4-6.

Table 2. Parameters for the aerosol particle distri-
bution as used in the DESCAM and EX MIX model
for the air parcel dynamics; n; = total number of
aerosol particles per cn®; R; = geometric mean aero-
sol particle radius in um; o; = standard deviation in
mode i; chemical composition of the aerosol par-
ticle modes

15 February 1997 17 February 1997

Modei n; R; log a; n; R; log a;
1 760 0.0233 021 400 0.0225 0.184
2 119 0.073 0.15 164 0.0606 0.153
3 61 0.14 0.129 40 0.114  0.098
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5. Results

5.1. Results of the dynamic calculations with the
3-D model

On 15 February, a northerly flow prevailed. As
this flow is in the line of the chain of the mountains
the air arriving at the summit of the Puy de Dome
had already lived various ascents and descents.
The solid curve along AB in Fig.2 displays the
path of the air touching the summit of the Puy
de Dome.

On 17 February, the flow was much simpler. As
the inflow was from the west the air lived its first
ascent when arriving at the Puy de Dome. Its
path is indicated in Fig. 2 by the solid line along
C and D.

As both trajectories represent almost straight
lines we used a cut along the cross-sections AB
and CD as indicated by the dashed lines in Fig. 2.
The flow fields in these 2 cross-sections are dis-
played in Figs. 4a,b for the 2 dates considered. We
also see there the height of the topography as well
as the liquid water field marked by differently
shaded areas. We notice immediately the more
complex pattern on the 15 February due to the
northerly flow direction. The long-dashed line in
Figs. 4a,b gives the trajectory, which touches the
summit of the Puy de Dome. We see that on
15 February this trajectory has passed other oro-
graphic clouds before while on 17 February the
cloud resembles a textbook orographic cloud on
an almost bell-shaped mountain and the trajectory
passes only the cloud capping the Puy de Dome.
The trajectories touching the summit originated
in both cases from altitudes between 150 m to
200 m above ground (Figs. 4a,b). However, it
would be incorrect to assume that only this air
determines the cloud on the summit. Also, air
from the surface following the orography while
ascending, as well as air from all levels in between
will contribute to the summit air.

In order to estimate the contribution of the air
from different levels in the atmosphere to the
cloudy air at the summit we have made a numer-
ical experiment by launching inert tracers at
different altitudes. These altitudes correspond to
the different levels of the model and are summar-
ised in Table 3. The positions of the launching
columns for the 2 meteorological situations are
also indicated in Fig.2 by the crosses. These
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Fig. 4. Horizontal winds (m/s) and LWC (g/kg) as vertical cross-sections on (a) 15 February 1997 and (b) 17 February
1997, after 151 min of model time. The directions of the cross-section are indicated in Fig. 2 by AB(a) and CD (b).
The 4 shaded areas for the LWC start at 0.03, 0.13, 0.23 and 0.33 g/m® and increase with darkening colour. The
hatched area indicates the height of the topography. The columns give the position and height of the tracer releases
and the dashed curve indicates the trajectory touching the summit (cf. Fig. 2).

positions were chosen about 1 km upwind of the
modelled orographic cloud.

By launching an inert tracer in the 3-D model
at different levels the diffusion of the tracer is
followed and a certain concentration results at the
summit. Superposing the results from the different
launching levels allows calculating the relative
contribution from each level in % to the total
concentration level at the summit. These relative
contributions are different for the 2 days consid-
ered and are summarised in Table 3. We see that

for the 15 February the peak of the pollution
mass results from levels near the surface. For
17 February, we notice a more balanced contribu-
tion from all altitudes considered with the max-
imum around 50 m above ground. This is due to
the higher vertical wind shear producing a stronger
mixing in the lower layers. Tracers launched at
altitudes higher than the grazing trajectory were
not found to contribute noticeably to the concen-
tration at the summit. Concerning the influence
of the position of the launching column we can
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Table 3. Atmospheric levels, corresponding alti-
tudes (m) and percentage contribution of the tracer
to the concentration at the summit for the 15 and
17 of February 1997

15/2/97 17/2/97
No. 15/2/97 % 17/2/97 %
model altitude contribution altitude contribution

level (m) (&) (m) (&)

1 4 16 4 5.5

2 16 34.4 19 20.9

3 36 24.6 45 222

4 64 13.6 82 18.1

5 100 6.6 130 12.9

6 144 2.8 189 9

7 — — 258 6

state that the absolute concentrations will be
determined by the distance between the launching
and the summit, however, the relative contribution
of the different altitudes is insensitive as long as
the column doesn’t leave the traejctories indicated
in Fig. 2.

In the following study the relative contributions
from the different altitudes were used to weigh the
results from parcel model calculations launched
at the corresponding altitudes to obtain more
realistic values for the microphysical properties
calculated for the summit of the Puy de Dome.

5.2. Results of the microphysical models DESCAM
and EXMIX

5.2.1. Numerical studies of the droplet number
density distribution function. The calculations of
cloud microphysics with the models DESCAM
and EXMIX were used to compare them with
measurements of the drop number density distri-
bution function and the scavenging fraction.

The results of the comparison of the drop
number distribution are displayed in Figs. 5a,b
for the 2 days considered. The measurements,
representing 5 min means, are given by the fat
curves and were taken by an FSSP situated outside
the wind tunnel. In general, we notice that the
measured droplet number concentrations are
much lower than in other experiments on moun-
tain sites in Europe (compare, e.g., the second and
third GCE/EUROTRAC experiments on Kleiner
Feldberg, Germany or Great Dun Fell, England;
Arends et al., 1994; Hallberg et al., 1997). This
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could be expected already from the low number
of aerosol particles and, thus, cloud condensation
nuclei (compare Fig. 1). Obviously, the Puy de
Dome was exposed to rather clean air masses
during the CIME 97 campaign.

Fig. 5a displays the results for 15 February. The
solid and the dashed line give the results of the
FSSP measurements for the droplet spectrum at
10:00 and 11:00. The 2 curves differ significantly
from each other as during the observational period
cold dry air was advected to the site and the cloud
dissipated around noon time. At 11:00, the dissipa-
tion processes obviously has started already as
the mean droplet diameter has dropped from
20 pm to 10 um. This indicates that the cold dry
air was probably mixed homogeneously with the
cloudy air as a heterogenous mixing would have
resulted rather in a constant diameter and a
reduction in the number concentration of drops
(Baker and Latham, 1979, 1982; Arends et al.,
1994). However, as the number concentration in
our measurements between 10:00 and 11:00 did
not stay constant we cannot complete rule out the
presence of heterogenous mixing. Unfortunately,
the measurements at 10:00 and 11:00 were the
only reliable observations of the drop spectrum
during that day as the supercooled air rapidly
iced the FSSP. Only directly after de-icing at
10:00 and 11:00 the measurements can be consid-
ered as free of artefacts. Nevertheless, we take the
evolution of the droplet spectrum in the early
dissipating stage of the cloud as an indicator for
a dominating homogeneous mixing, justifying our
model approach (see Subsection 3.4).

The results of the different models are displayed
by the curves with the symbols. For the chemical
composition of the particles we used the case Al
detailed in Table 4. We see here 3 different results
produced by different applications of the
DESCAM model and one result obtained with
the EXMIX model. The solid triangles give the
droplet distribution resulting from a cloud parcel
ascending the mountain slope along the surface
trajectory. The information gained from the
mixing of an ensemble of trajectories with the
coefficients detailed in Table 3 and Fig. 5 are given
by the open diamonds for the case of no entrain-
ment and by the full bullets for the case with
entrainment. We see here that considering the
entrainment process allows the droplet spectrum
to broaden at the small size end as continuously
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Fig. 5. Measured and calculated droplet spectra for 15 February 1997 (a) and 17 February 1997 (b). The solid lines
represent the observations, the curves with the symbols pertain to different simulations as detailed in the text.

fresh nuclei are entrained forming new small drop-
lets. Considering the mixing of an ensemble of
trajectories adds to the broadening of the spectrum
at the small end. The EXMIX model considering
entrainment and weighing better fills the small
end of the drop size distribution but also produces
larger drops than DESCAM due to the different
treatment of the supersaturation calculation. This
results in the fact that the supersaturation of

EXMIX exceeds the one of DESCAM by about a
factor of 1.25. Still, a comparison with the observed
spectrum is difficult due to the already mentioned
heterogeneity of the cloud field.

This comparison is easier for 17 February
(Fig. 5b) due to the simpler dynamic situation.
Furthermore, no icing problems occurred due to
the higher temperatures. Thus, the observed drop-
let spectrum remained almost constant for the
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Table 4. Summary of the cases with internally mixed aerosol particles considered for EXMIX; the first 4
parameters characterize the initial aerosol particle spectrum; S,,,. gives the modelled maximal supersat-
uration directly at cloud base; this results in an activation (“cut-off ") diameter given in the last column

Chemical Fraction Modification
composition of soluble Condensation of the number “cut-off”
of the soluble material coefficient of initial aerosol Smax diameter
Case part (e) o particles (%) (nm)
Al (NH,4),SO, 0.5 0.04 1.30 32
A2 (NH,),SO, 0.99 0.04 1.21 25
A3 (NH,4),SO, 0.04 0.04 1.67 57
A4 NacCl 0.5 0.04 1.21 25
A5 (NH,),SO, 0.5 0.04 double number in 1.09 36
each category
A6 (NH,),SO, 0.5 0.04 double number in 1.14 36
sizes > 100 nm
A7 (NH,4),SO, 0.5 1.00 0.68 45
A8 (NH,4),SO, 0.5 0.01 2.53 20

entire period considered. We see in Fig. 5b the
same kind of information as in Fig. 5a (composi-
tion of particles according to case Al) and a
comparison between the full triangles for the sur-
face trajectory and the full bullets for the weighted
ensemble trajectories shows that the weighing
almost perfectly reproduced the location and
strength of the maximum and improved the slope
of the curve between 5 and 10 um diameter. The
agreement at the small sizes in both cases is still
not satisfactory. Maybe entrainment and mixing
is still too weak. The last curve to be found in
Fig. 5b shows the result of the EXMIX model
considering entrainment and weighing. Similar to
the previous case we find that EXMIX reproduces
better the small size range of the droplet spectrum
below 10 um diameter. However, it produces
larger drops than the observations indicated, again
due to the slightly higher supersaturations men-
tioned above.

In general, we can conclude that using the
weighing of the different trajectories improves the
results obtained with both microphysics models.

5.2.2. Numerical studies of the scavenging fraction.
Another measured information to check the model
performance against is the scavenging fraction as
defined in eq. (1). For this study we have exclus-
ively used the EXMIX model as its multi-dimen-
sional number density distribution function allows
a detailed sensitivity study of the scavenging frac-
tion varying, e.g., the chemistry of the initial
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aerosol particle spectrum. Here, we have tried to
reproduce the measurements as closely as possible.
As the EXMIX model gives an information on
the number density in each class we have used as
separation between particles and drops the Sum
diameter as imposed by CVI and RJI. All categor-
ies are weighted with the efficiency curve of the
CVI and the RIJI yielding 50% at 5um (see
Schwarzenbock (1998)). These numbers are
counted as N; cyy or N gy, respectively (compare
eq. (1)).

The sensitivity studies performed are subdivided
below into 2 different sections. In the first we will
exclusively study the dependency of the scavenging
fraction on the physical and chemical properties
of the aerosol particles. In the second section we
will consider the influence of the dynamics.

(a) Sensitivity studies concerning the number
density and chemical composition of the aerosol
particles

The Kohler equation (Pruppacher and Klett,
1997) allows to calculate the critical radius deter-
mining which aerosol particles are activated to
form drops and which particles remain unactiv-
ated interstitial aerosol particles, thus determining
the scavenging fraction. As parameters in the
Kohler equation appear, among other quantities,
the type of salt the particles are composed off, the
solubility fraction ¢, and the condensation coeffi-
cient o. Our first sensitivity test will be concerned
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with these parameters (Table4). As during
15 February more small Aitken-mode particles
were activated it seems interesting to study the
scavenging fraction during that day in more detail.
At the end we will also discuss shortly the
17 February which represents the more classical
situation of the stable cap cloud emerging the
summit of the Puy de Doéme.

For 15 February, we chose from the different
trajectories possible (see Subsection 5.1 and
Table 3) the one originating at 144 m, correspond-
ing to the situation in the upper part of the cloud
affected by the mixing processes. As a reference
for the tests concerning the scavenging fraction
will serve case Al where all particles are internally
mixed with 50% (NH,),SO, and 50% insoluble
material like silicates. The condensation coefficient
is assumed to 0.04 (Pruppacher and Klett, 1997).
For the meteorological conditions studied this
results in the formation of a cloud with a max-
imum supersaturation at cloud base of 1.3%. The
Kohler equation then calculates a critical dia-
meter, which corresponds to the class around
32 nm for activation. As all particles are alike in
their chemical composition they behave in the
same manner and this results in a steep “cut-off”
in the scavenging fraction as illustrated in Fig. 6.
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scavenging fraction

0.2
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Fig. 6. Scavenging fraction as a function of dry aerosol
particle diameter. The fat solid curve gives the measure-
ments from 15 February at 11:00 LT. The fine curves
pertain to cases Al, A3 and B1 (Tables 4 and 5) obtained
for the simulation of 15 February 1997 with the trajectory
originating as 144 m.

G. GEREMY ET AL.

This steep slope persists for the other sensitivity
studies summarised in Table 4. Only the position
changes as a function of the solubility (e.g., more
soluble particles activate more easily reducing the
supersaturation and the “cut-off” diameter; case
A2 and A3 (see Fig. 6)) and the type of salt (NaCl
has a lower molecular weight than (NH,),SO,
thus reducing the supersaturation and the “cut-
off ” diameter; case A4). A further sensitivity study
has been effected considering the number of aero-
sol particles. In case A5 we have doubled the
number of particles in each category and in case
A6 just the particles larger 100 nm were affected.
The effect was very similar. The maximum super-
saturation decreased with respect to the reference
case Al as more particles are activated. The
reduced supersaturation increases the “cut-off”
diameter to 36 nm. The “cut-off ” diameter classes
of case A5 and A6 are identical as the effect of the
increased number of small particles in case A5
does not effect the supersaturation significantly
(1.09 compared to 1.14). The last 2 tests of case
A7 and A8 concern the condensation coefficient
o. Here, we note that the variation between o= 1
and o«=0.01 has the largest impact on the
“cut-off” or activation diameter in Table 4.
Condensation coefficients covering this entire
range have been reported in the literature (for a
review see Pruppacher and Klett, 1997) where it
is generally accepted that =1 for pure water.
With varying impurities lower condensation
coefficients are found. A small condensation
coefficient results in a reduced condensation caus-
ing a time lag with respect to the higher condensa-
tion coefficient. In the cases considered, o =0.01
took twice as long to reach the maximum supersat-
uration as o = 1.

Svenningsson et al. (1992) have reported, e.g.,
that their growth studies during the GCE (Ground
based Cloud) experiment of EUROTRAC have
indicated that the aerosol population is not uni-
form. They have almost always found 2 different
reservoirs, one with more hygroscopic particles
(¢ ~0.4-0.6) and another with less hygroscopic
particles (¢ ~0.04). During the second GCE
experiment on the Kleiner Feldberg (Svenningsson
et al,, 1994) the reservoir of the less hygroscopic
particles dominated over all size bins the more
hygroscopic particles and contributed between
70-80% of the number concentration. During the
3rd GCE experiment of the Great Dun Fell

Tellus 52B (2000), 3



AITKEN-MODE AEROSOL PARTICLES

973

Table 5. Summary of the cases with externally mixed aerosol particles considered for EXMIX; the first 6
parameters characterise the initial aerosol particle spectrum; S,,,. gives the modelled maximal supersat-
uration directly at cloud base; this results in one or more activation (“cut-off ) diameters given in the

last column

1st part 2nd part
% of fraction of  condensation % of fraction of  condensation “cut-off”
particle (NH,),SO, coefficient particle (NH,),SO, coefficient Smax  diameter
Case number (e) o number (¢) o (%) (nm)
Bl 50 0.5 0.04 50 0.04 0.04 1.45 64/28
B2 80 0.5 0.04 20 0.04 0.04 1.34 72/32
B3 20 0.5 0.04 80 0.04 0.04 1.57 64/28
B4 50 1.0 1.0 50 0.04 0.02 1.14 72/28
B5 100 of 0.5 0.04 100 of 0.04 0.04 1.6 64
D > 100 nm D <100 nm
0 else 0 else
B6 100 of 0.04 0.04 100 of 0.5 0.04 1.35 32
D > 100 nm D <100 nm
0 else 0 else

(Svenningsson et al., 1997), however, the less
hygroscopic particles only contributed 10-20% to
the total number concentration. Consequently,
our second set of sensitivity tests (Table 5) analyses
the impact of the different percentages of less
soluble and more soluble particles on the scaven-
ging ratio. Case B1 which is also displayed in
Fig. 6 investigates the scavenging ratio of an aero-
sol particle population where 50% of the number
are more hygroscopic (¢ =0.5) and 50% are less
hygroscopic (¢ = 0.04). We see here that in contrast
to the internally mixed aerosol the externally
mixed aerosol produces steps in the scavenging
ratio. The first one at 28 nm is due to the complete
activation of the more hygroscopic particles and
the second one at 64 nm pertains to the less
hygroscopic ones, which activate less -easily.
Changing the number contribution of the more
and less hygroscopic particles as done in case B2
and B3 affects the size and the position of the
steps. Different values for the condensation
coefficient have a further influence on the steps
(case B4). For last tests of this series we applied
the separation between more and less hygroscopic
particles not uniformly over the entire particle
spectrum but attributed one solubility to the small
particles and another to the large particles (cases
B5 and B6). The result resembles again at curve
Al or A3 in Fig. 6 as just one “cut-off ” is created.
The step disappears as the number density and
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the composition of the small particles (D <
100 nm) dominates the behaviour of the scaven-
ging fraction.

The sensitivity studies summarise the variability
of the scavenging fraction with respect to the
physical and chemical properties of the aerosol
particles. Certainly, it would have been possible
to approach more closely the observed curves in
considering more explicitly the heterogeneity in
size and solubility of the chemical composition in
natural aerosol particles and in taking into
account co-condensation of other soluble gases as
proposed, e.g., in Kulmala et al. (1996) and
Laaksonen et al. (1998). Given the uncertainties
in the necessary assumptions concerning the com-
position of the aerosol particles and the concentra-
tion of simultaneously present trace gases we will,
however, terminate the study of the physico-chem-
istry of the aerosol particles at this point. Also,
considering the shape of the measured scavenging
ratio we have to admit that also other factors
might intervene to explain the observed curves
(compare, e.g., Fig. 6). Consequently, below we
will study the sensitivity of the scavenging ratio
concerning dynamical aspects.

(b) Sensitivity studies concerning the dynamics

In part (a) the evolution of the aerosol particle
spectrum was studied in a closed rising air parcel.
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Table 6. Summary of the cases with homogeneous entrainment considered for EXMIX; the first 4 para-
meters characterise the initial aerosol particle spectrum; S,,,, gives the modelled maximal supersaturation
directly at cloud base; this results in an activation (“cut-off”) diameter given in the last column

Ist part 2nd part
% of fraction of % of fraction of “cut-off”
particle (NH,),SO, particle (NH,),SO, Smax diameter
Case number (¢) number () (%) (nm)

C1 100 0.5 — — 1.30 32
C2 50 0.5 50 0.04 1.45 28
C3 50 0.02 50 0.7 1.44 25
C4 20 0.02 80 0.7 1.32 28
C5 80 0.02 20 0.7 1.61 25

We know, however, that air parcels moving in the
atmosphere are not completely closed but
exchange mass and energy with the environment
via entrainment. As detailed in Section 3 the
entrainment for an individual air parcel was
assumed as being homogeneous which is a rather
simplified approach. Still, the replenishment of
aerosol particles via entrainment of particles from
the environment helps to smooth the steep steps
produced by the cases A and B. The considered
cases are summarised in Table 6 and partly dis-
played in Fig. 7. As entrainment smears out the
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Fig. 7. Scavenging fraction as a function of dry aerosol
particle diameter. The fat solid curve gives the measure-
ments from 15 February at 11:00 LT. The thin curves
represent the results from the cases Cl, C2 and C4
as detailed in Table 6 considering homogeneous
entrainment.

curves we will just give the lowest “cut-off” dia-
meter in Table 6. Case Cl represents case Al
(internally mixed aerosol particles) but with con-
sidering entrainment processes. We find that the
maximum supersaturation and the “cut-off” dia-
meter are the same as from case Al as these are
determined close to cloud base. Entrainment acts
during the entire ascent of the parcel while the
supersaturation drops again. The newly entrained
particles cannot activate any more and already
activated particles are detrained. This tends to
smear out the curve and is especially responsible
for the fact that the curve does not reach 100%
any more for larger diameters (compare Fig. 7).
This behaviour is confirmed by case C2 that
represents case B1 with inclusion of entrainment.
The steps, which appear in Fig. 6, are barely
recognisable in Fig. 7. Also, the tests C3 to C5
show that the entrainment together with the
external mixture in the composition of the aerosol
particles can explain occasional plateaux in the
scavenging fraction (Fig. 7).

The results so far were all obtained using a
single trajectory originating at 144 m above
ground. From Subsection 5.1 it is clear that air
from different levels reach the summit of the Puy
de Dome following different trajectories.

Thus, in a last set of tests we applied the
weighing functions derived in Subsection 5.1. The
cases Bl (external mixture, no entrainment) and
C2 (external mixture, with entrainment) con-
sidering the weighing function are displayed in
Fig. 8. Comparing with Fig.7 we see that by
introducing the weighing function, the scavenging
ratio is smoothed again resembling more case Bl
(Fig. 6). This is due to the fact that the scavenging
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Fig. 8. Scavenging fraction as a function of dry aerosol
particle diameter. The fat solid curve gives the measure-
ments from 15 February at 11:00 LT. The thin curves
represent the results from the cases B1 and C2 as detailed
in Tables 5, 6 considering entrainment with the weighting
factors given in Fig. 5 and Table 2.

ratio now is a mixture of different air parcels.
Thus, only the essential step is retained. The other
plateaux introduced by the entrainment are
smoothed out by the mixture of 6 different
trajectories.

Comparing the sensitivity tests with the meas-
ured curves of the scavenging fraction we can
conclude that we are still not able to successfully
reproduce its shape. We are lacking essential ele-
ments like the size dependent composition of the
particles and the exact type of mixing active during
the cloud event. We can, however, arbitrarily play
with the open parameters of the problem. Fig. 9
displays 2 simulations where we tested again the
effect of entrainment and mixing onto the scaven-
ging fraction. One curve in Fig. 9 pertains to a
mixture with 3 different types of particles which
are internally and externally mixed (case DI:
D <60nm, ¢=0.5; 60 nm < D < 120 nm, ¢ =0.28;
D > 120 nm, ¢=0.04; salt: (NH,),SO,) and are
exposed to a homogeneous entrainment. We see
that then even local maxima and minima occur.
In the second curve we have artificially modified
the entrainment by tripling the entrainment in the
last 100 m below the summit (case D2: same
aerosol composition as case C2). This was done
by increasing the dewpoint difference with the
environment to 1°C (before 0.2°C) to mimic an
increased entrainment near cloud top. Comparing
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Fig. 9. Scavenging fraction as a function of dry aerosol
particle diameter. The fat solid curve gives the measure-
ments from 15 February at 11:00 LT. The thin curves
represent the results from cases D1 and D2 as detailed
in the text.

these curves qualitatively to the observed scaven-
ging fractions we find a closer agreement.

Fig. 10 displays the situation for 17 February.
Here, we selected the trajectory originating at
130 m and varied the composition of the particles.
For case E1, 50% of the particles were less soluble
£¢=0.04 and 50% more soluble ¢=0.5 and a
homogeneous entrainment was considered. For
case E2, 70% of the particles were assumed to be

savenging fraction
o
(4]
l

0.4 —
—
0.3 —
7 1
02 — [
- ] measurement 17 Feb.
0.1 — fooTmes external mixt. and entrain. (case E1)
i ,/:’ ————— ex. mixt., entrain. and weighing (case E2)
0.0 =TT T T T T TTT 1
0.01 0.10 1.00

diameter (um)

Fig. 10. Scavenging fraction as a function of dry aerosol
particle diameter. The fat solid curve gives the measure-
ments from 17 February at 13:00 LT. The thin curves
represent the results from cases E1 and E2 as detailed
in the text.
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less soluble ¢ = 0.04 and 30% were almost totally
soluble ¢ =0.9. Here, entrainment and weighing
of the trajectory ensemble were considered. We
see that case E2 reproduces rather well the step
in the scavenging fraction. We can state that it is
much easier to reproduce the measurements for
17 February than for 15 February. This is caused
by the much simpler dynamical situation pre-
vailing as already detailed above.

Thus, we can conclude from the cases studied
that it will be possible to reach agreement between
experiment and models, but as too many free
parameters exit at the moment we cannot quantify
the contribution of each factor studied to the
observed scavenging fraction. The situation is a
bit easier in simple dynamical situations (oro-
graphic clouds), however, more difficult in com-
plex geographic situations and frontal systems.

6. Summary and conclusions

During February 1997 one of the 2 observa-
tional periods of CIME (cloud ice mountain
experiment), a joint field experiment funded by
the European Commission in order to study the
fate of pollutants during the freezing of a cloud,
took place on the summit of the Puy de Dome in
the centre of France. During this experiment the
droplet spectra were measured with an FSSP and
the aerosol particles in the drops and in the
interstitial particle phase were measured with a
counterflow virtual impactor and by means of a
round jet impactor inside a windtunnel, respect-
ively. For the first time here the activation of small
Aitken-mode particles, as low as 25nm were
observed.

Two datasets obtained on 15 February and
17 February were used to compare them to
detailed model calculations in order to try to
understand the activation of the particles and the
spectral form of the droplet spectrum and
the scavenging fraction.

In order to account for the mixing processes
inside the cloud which are likely to have an
important influence on the microphysical and
chemical properties of the cloud we used a new
approach. We have considered that the air at the
summit of a mountain is a composite of air
climbing the slope of the mountain and air that is
transported along elevated trajectories. In order

G. GEREMY ET AL.

to have a correct representation of the percentages
of air coming from the different altitudes we have
launched tracers at 6 different levels in a
3-dimensional mesoscale model. Their relative
contribution to the summit air allowed to derive
a weighing function.

In order to calculate the microphysical and
scavenging properties at the summit we have
launched 6 air parcels originating at these 6 differ-
ent altitudes upwind of the summit. The trajector-
ies ended all at the summit and the weighing
function allows to calculate an average value to
be compared to the observations.

As parcel models we have used the DESCAM
and the EXMIX model. The DESCAM model is
a spectral model which has been used in past
already coupled to a 2-D dynamical model (e.g.,
Flossmann, 1994) and represents a compromise in
accuracy and efficiency for calculating detailed
microphysics and scavenging properties of clouds.
In addition, it contains all microphysical process
up to the formation of raindrops. It was used to
compare it with the FSSP measurements. The
EXMIX model allows to calculate the microphys-
ics and scavenging properties of a cloud in even
more details as it follows drops and aerosol par-
ticles in a multi-dimensional distribution function.
Thus, it is very suitable to mimick the detailed
measurements with CVI and RJI as taken during
CIME.

Using the 2 detailed models embedded in the
trajectory calculated by the 3-D model we arrive
at the following conclusions.

Using a homogeneous entrainment approach
for the air parcel models allows to reproduce the
observed droplet spectra reasonably well. The
assumption of a homogeneous entrainment is also
supported by the measurements. Both models
notice an improvement in the simulations con-
sidering the derived weighing function.

Considering the scavenging fraction we notice a
significant influence resulting from the chemical
composition of the particles and the condensation
coefficient. Also a large influence was found for
the dynamical aspects, i.e., entrainment and
mixing. Here, the effect of the weighing function
was less convincing since the scavenging fraction
is largely determined by the activation taking
place directly at cloud base and to a lesser degree
by the mixing processes. Concerning the activation
of the small Aitken-mode particles we note that
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our approach is able to predict activated particles
as low as 25 nm diameter. The measurements,
however, indicate with the fact that the scavenging
fraction does not drop to zero at 25 nm that even
smaller particles were activated. This is difficult to
explain in view of the already high supersat-
urations obtained in the calculations. These super-
saturations obtained in the model, however,
appear realistic since the total number of particles
measured was rather low. This low number con-
centration was identified to be the origin of the
low activation radius. As the number concentra-
tions measured, e.g., during the 2nd and the 3rd
GCE/EUROTRAC campaign were a factor 3 to
10 higher than the actual number concentrations
it becomes clear why such low activation radii
have not been reported before.

In general, we can conclude that the variability
found in the sensitivity tests allows to reproduce
the shape of the observed results. As too many
free parameters exit at the moment we cannot
quantify the contribution of each factor studied
to the observed scavenging fraction. However, a
spectral knowledge of the chemistry of the par-
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ticles, e.g., would certainly provide a promising
basis to reproduce the measurements with less
ambiguity. For the case of a simple dynamical
situation the results are already almost satisfact-
ory. For a more complex topography and advected
dynamical systems like fronts more improvements
are required. The models DESCAM and EXMIX
perform both reasonably well to confirm the con-
fidence in their application to other atmospheric
situations.
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