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Abstract

Fog droplet formation and growth related to fog droplet activation were studied in a polluted region. The
joint field experiments were carried out at San Pietro Capofiume in northern Italy during November 1994.
It was found that the fog droplet number distribution was continuous in the size region 1-47 um and
that for most of the time the fog consisted of unactivated droplets, i.e. the droplets were smaller than the
critical diameter for activation according to the Kéhler equation. During a few time periods some of the
droplets were possibly slightly larger than the critical diameter for activation. The solute concentration
in the fog droplets was found to be strongly dependent and decreasing with increasing droplet size. The
experimental results were compared with results obtained using a fog model. Good overall agreement
was found between the model and the experimental results, with respect to fog droplet size related to dry
residue size, and to fog droplet number distribution. The fog model was also used to study the influence
on fog droplet growth of the rate of temperature decrease, the aerosol particle mass load and fog liquid
water content. In addition the effect of aging of the fog was also considered.

1 Introduction nitrate and sulphate are soluble, i.e. particles con-
taining ionic species takes up water vapour and form
highly concentrated liquid particles. The droplet (or
liquid particle) adopts a relative humidity dependent
equilibrium size in relation to the water vapour equi-

librium conditions.

The physical and chemical interactions between
gases, aerosol particles and liquid water droplets in
fogs and clouds can influence the composition of
the troposphere, the chemical composition of the
gas phase and also that of the particulate matter, as
well as modify the physical properties of the parti-
cles. This will affect transport and deposition of pol-
lutants, visibility, radiative properties, climate, etc.
Studies of these processes are therefore essential to
understand the role of fogs and clouds in the atmo-
sphere.

At a slight supersaturation, when the relative hu-
midity can become greater than the critical value,
the droplet will leave the equilibrium state and grow
without limitation (except dynamic) by condensation
of water vapour. This is called activation and the
droplet diameter of activation is called the critical di-
ameter for activation.

Fog and cloud droplets are formed by condensation =~ Growth and activation of fog and cloud droplets are

of water vapour onto the aerosol particles present at
an elevated relative humidity in the atmosphere. The
formation of droplets can begin during sub saturated
conditions because ionic species such as ammonium,

described by the Kdhler equation, which describes
the equilibrium state and the critical diameter for
activation of an individual droplet (Pruppacher and
Klett, 1980). The equilibrium condition is controlled
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by condensation and evaporation of water vapour and
is described by a combination of the curvature effect
of the droplets (Kelvin effect) and the water activity,
i.e. the presence of water soluble material which in
idealised form is described by Raoult’s law.

Droplet growth at low relative humidities cannot be
properly described by Raoult’s law. Chen (1994) pre-
sented a modified Kohler equation which consider
deliquescence and also hysteresis processes of pure
salts. At supersaturated conditions the situation may
also be somewhat further complicated by the pres-
ence of surface active and water soluble organic com-
pounds (Gill et al., 1983; Saxena et al., 1995; Laak-
sonen et al., 1997). The effect of the organic com-
pounds cannot as yet be quantitatively related to
known atmospheric conditions.

The critical relative humidity and hence the critical
droplet diameter are specific for each droplet and de-
pend on the size and chemical composition of the
original dry particle (Hénel, 1976; Martinsson et al.,
1997; Svenningsson et al., 1997). Thus, the more ions
that are available in the dissolved particle, the lower
is the degree of supersaturation required with respect
to water vapour, which implies that large particles
with a large fraction of water soluble material are
more easily activated.

The largest droplets can however have difficulties in
following the equilibrium conditions after a change
in ambient relative humidity due to mass trans-
port limitations (Hénel, 1987; Pandis et al., 1990).
The first activated particles will therefore be the
medium size particles (as dry diameter) followed by
the smaller and larger particles. Thus after activation
there will be the following three types of particles and
droplets in a cloud or fog: 1. Small non-activated par-
ticles at equilibrium conditions, called the interstitial
aerosol particles, 2. Activated droplets, 3. Large non-
activated droplets. The group of large non-activated
droplets can in certain circumstances, although they
are not activated, carry a significant amount of liquid
water.

The present study was undertaken in a fog which
formed within a polluted aerosol. Such a system has
been investigated in an earlier study, using a counter-
flow virtual impactor (CVI) system, with respect to
both droplet nucleation scavenging and size depen-
dent droplet solute concentration. In that study the
scavenging was defined according to a fixed ambi-
ent (droplet) diameter (Noone et al., 1992). The so-
lute concentration of the fog droplets was found to
decrease with droplet size (Ogren et al., 1992).

The objectives of this study are to characterise the fog
microstructure in more detail, with respect to:

(a) fog droplet size distribution

(b) fog droplet diameter related to activation (critical
diameter)

(c) the size-dependent fog droplet solute concentra-
tion

It was found that most of the time the fog con-
sisted of unactivated droplets, which explained the
microstructure characterised by a continuous droplet
size distribution (no gap between activated and unac-
tivated droplets) with a small mode of large droplets
nucleated on the largest particles. This also explained
the decreasing fog droplet solute concentration with
increasing fog droplet diameter. The intrinsic fea-
tures of droplet growth in a reservoir of droplets
was studied in relation to these results using the fog
model. This was used to investigate the influence on
the fog microphysics of various parameters such as:
aerosol particle mass load, the dynamics in associa-
tion with the onset and development of the fog and
aging of the fog.

The results presented are, amongst other techniques,
based on the use of the droplet aerosol analyser
(DAA), where the ambient droplet size (activated
or unactivated) is determined together with the size
of its dry residue (the reminder of a diffusion dried
droplet or particle). This instrument also measures
the number concentration which provides a third
variable to the data set as follows: ambient size, dry
residue size and number concentration. Having ac-
cess to these droplet parameters and also the hygro-
scopic properties, a number of related aerosol/cloud
variables, such as solute concentration, ambient and
dry residue size distributions and the activation sta-
tus of a droplet, can be determined. As a consequence
the fog can be characterised in relation to the droplet
activation as defined by the Kohler equation.

2 Experimental And Modelling Methods

The experiments were undertaken in November
1994, outside San Pietro Capofiume located in the
Po Valley in northern Italy, as part of a joint field
study (CHEMDROP - Chemical composition and
processes in clouds and fogs: Dependence on the
size of particles and droplets) involving six institu-
tions. An overview of the CHEMDROP-experiment,
including meteorology during the campaign, is pre-
sented by Fuzzi et al. (1998). A description of the
measuring site can be found in Fuzzi et al. (1992).
This paper will primarily deal with the fog / aerosol
interface, the size dependence of the droplet solute
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concentration and the microphysical structure of the
fog, as related to droplet activation, primarily based
on the experimental data obtained by the DAA. The
data will be presented together with the results from
fog modelling.

2.1 The Droplet Aerosol Analyser (DAA)

The DAA was in operation approximately 300 hours
during fog, mist and haze conditions. A description
together with theoretical background of the instru-
ment can be found in Martinsson (1996). A detailed
description of the instrument and a field intercompar-
ison with the particulate volume monitor (PVM), dif-
ferential mobility particle sizer (DMPS) and the for-
ward scattering spectrometer probe (FSSP), with re-
spect to six aerosol and cloud characteristics can be
found in Cederfelt et al. (1997).

The instrument makes use of aerosol charging mech-
anisms, diffusion drying of droplets and also electro-
static aerosol spectrometry, in a multi-step process-
ing system, to determine the ambient (droplet) size
and the dry size. Together with particle counting this
gives a three parameter data-set comprising of: ambi-
ent (droplet) diameter, dry diameter and number con-
centration.

The air inlet was placed 5 m above the ground. The
DAA mode of operation is such that the ambient
(droplet) diameters interrelated with twelve differ-
ent dry residue diameters (three at a time) are deter-
mined. The residue diameters are set and the DAA
scans over the droplet diameter. After a complete
scan over the droplet sizes, the three residue diame-
ters were changed to three new sizes, according to a
computer-controlled repetitive schedule comprising
of four different settings and thus twelve dry residue
sizes. The twelve sizes were chosen from a relatively
narrow size interval, in order to account for the fine
structure, if present, of the droplet growth related to
the dry residue size.

During the first fog event of this campaign it was
found that significant amounts of water were associ-
ated with the large particles, therefore the dry sizes
monitored were changed during the campaign. Up to
midday of 15th November the dry diameters 0.21,
0.23, 0.26, 0.30, 0.34, 0.39, 0.44, 0.51, 0.58, 0.67,
0.78 and 0.9 pm were measured during the four
scans, with each fourth size belonging to the same
scan. After this date the smallest particle size was
replaced by measurements at 1.05 pm, i.e. the mea-
surement interval with respect to dry diameter was
changed to 0.23 — 1.05 pm.

The three dry residue sizes measured during a scan
were spaced by a factor of two with respect to elec-
trical mobility. In order to account for the influence
of particles larger than the sizes actually measured,
the dry residue size distribution was extrapolated by
a factor of two towards larger sizes with respect to
electrical mobility. By this approach the associated
droplet and residue sizes for three residue sizes were
obtained in 15 min., the duration of one scan. Since
four different settings of the residue sizes were used,
the time between repeat measurements was one hour
for a given residue size.

One scan of the DAA results in measurements of
the charge distributions related to the dry residue
sizes. The droplet sizes was determined from the
charge distributions after calibration of the instru-
ment. However, at present time this is incomplete.
Calibration of the average charge as a function of
droplet size have been made using monodisperse
droplets of di-octyl phthalate in the range 0.1 to
10 um in diameter (Cederfelt and Martinsson, 1996).
The calibration with respect to the width of the
charge distribution as a function of droplet size is in
progress. As a consequence, no results on the width
of the droplet distribution for a specific residue size
can be given at this stage. Thus, the data will be pre-
sented in the form of average ambient diameter.

The droplet number distribution resulting from nu-
cleation on the dry residue size region studied (i.e. the
upper accumulation mode particles), was obtained by
fitting a function to the relationship between droplet
diameter and the dry residue diameter. The function
was differentiated, and the droplet size distribution
was obtained from:

dN _ dN dlogD,
dlogD,;  dlogD,dlogDy

@.1)

where N is the number concentration, D, the ambient
diameter and D), the dry residue diameter.

During the campaign the DAA unipolar charging
unit suffered from a malfunction, which resulted -in
too low charge levels on the droplets. The problem
was caused by leakage around a net used to smooth
the flow profile of the charging unit. This may al-
ter the flow profile and hence the time available for
the charging process. In order to overcome the prob-
lem, the DAA results were compared with the hygro-
scopic growth factors determined using the TDMA,
for cases where the ambient relative humidity was
close to the humidity used in the TDMA (i.e. 90%
relative humidity). Thus, for all cases where both the
DAA and the TDMA were in operation and the ambi-
ent relative humidity was close to 90%, the ambient
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size determined by the DAA for a given residue size,
were compared with the size obtained by multiply-
ing the dry size by the growth factor from the TDMA
for the same residue size. It was found that the size
determined using the DAA was 30% lower. In or-
der to correct the DAA data set, the charging time in
the unipolar charging unit was therefore changed ac-
cordingly. Thus the non-dimensional charging time
(Klett, 1971) was found to be 0.18, normally the
value is 0.26 in the DAA charger.

The errors in determining the ambient (droplet) di-
ameter can be derived from three uncertainties:

(a) Imprecision due to malfunction of the charger, re-
sulting in a relative standard deviation in droplet
diameter of 10%.

(b) Imprecision due to low counting statistics, which
was negligible except for the largest dry residue
sizes measured. For these the relative standard de-
viation in ambient diameter was 10%.

(c) Inaccuracy in the calibration of the unipolar
charger, resulting in a relative standard deviation
of 10% for droplets larger than 0.1 pm in ambient
diameter.

Thus, the typical relative error (one relative standard
deviation) in ambient (droplet) diameter was 15% for
droplets related to dry residue diameters smaller than
0.8 um and 17% for droplets related to dry residue
diameters larger than 0.8 um.

2.2 Complementary Techniques

In order to describe the microstructure of the fog, data
from other types of instruments are required.

Data from a tandem differential mobility analyser
(TDMA) was used to obtain the size-dependent hy-
groscopic properties of the particles. The TDMA re-
lates the particle diameter at 90% relative humid-
ity (RH) to the diameter at less than 20% RH. The
hygroscopic growth of a single particle size could
sometimes be represented by one mode, especially
for large particles. Most commonly it was bimodal
‘and occasionally tri-modal. The TDMA is described,
together with results from this campaign by Berg et
al. (1998). The average hygroscopic growth was used
as the basis of estimating the composition of the par-
ticles, assuming that each particle consists of salt and
hygroscopically inactive material (Svenningsson et
al., 1994). The results obtained during these exper-
iments showed a good agreement between TDMA
and the chemical analyses of the size resolved aerosol

impactor measurements (Ricci et al., 1998). It was
found that ammonium, nitrate and sulphate were
the dominating ionic species. In diluted solutions of
these species, the hygroscopic growth is similar to
that of ammonium sulphate, which was used as the
model substance and in the calculations of the solute
concentrations.

A forward scattering spectrometer probe (FSSP)
(Knollenberg, 1981) was used to measure the ambi-
ent (droplet) size number distribution in the size re-
gion 2 to 47 pm in diameter, with the size resolu-
tion 3 pm. The channel size of the smallest droplets
(2-5 pm) was considered unreliable (Wendisch et al.,
1998) and was therefore not used. The integral of the
FSSP volume distribution was used as the measure
of fog liquid water content (LWC). The instrument is
described in more detail, together with results from
this campaign in Wendisch et al. (1998).

Size resolved fog droplet impactor sampling and
chemical analyses were used to determine ionic com-
position of the fog droplets, which in this paper we
have used to compare size dependent solute con-
centrations and also to estimate the size dependent
number of ions of soluble species per droplet. The
sizes measured were: 7.5, 12.5, 17.5, 21.5, 27.5 and
39.5 um ambient diameter (mid-diameter of the im-
pactor steps). The impactors and chemical analyses
are described in more detail by Laj et al. (1998).

The sub-micrometre dry aerosol particle distribu-
tions from 0.003 to 0.85 pm dry diameter were de-
termined using a differential mobility particle sizer
(DMPS). The instrument and data from this cam-
paign are described by Yuskiewicz et al. (1998). Data
from a DMPS with the inlet at a height of 5 m, was
used as input data for the model studies. The inlet
had an impactor cut-off of 5 tm ambient diameter,
which removed droplets larger than this size from the
aerosol being sampled.

The atmospheric visibility measured during this cam-
paign (Heintzenberg et al., 1998) was used to classify
the DAA-data. The LWC measured using a particu-
late volume monitor (PVM) (Wendisch et al., 1998)
was used for the selection of the cases studied, to ob-
tain as constant LWC as possible during the periods
selected.

The ambient relative humidity was measured using
a Philips 2322 humidity sensor and an electric venti-
lated psychrometer.
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Figure 1: Three examples of temperature evolution used to produce the fog, as a function of
time. The resulting supersaturation (100(s — 1), s = water vapour saturation ratio) and fog LWC,
as a function of time are also shown. (a) ¢ = 1 x 10~7 s=2 and (T;=Tf) =0.67TK,(b) c =
1x1076 s~2 and (T; — Ty) = 0.67K, (¢) c = 1x 1077 s72 and (T; - Ty) = 0.18 K.

2.3 Modelling Techniques

A model of fog droplet formation and growth was
used as the means of relating the experimental obser-
vations with theory. It treats the humid air as a closed
air parcel, i.e. all parts of the air mass experience
the same relative humidity history. In this model,
which is of the particle-tracing type (Young, 1993),
the aerosol particle size distribution is described by
70 size groups per decade in the dry particle size in-
terval 0.05-15 pum, in a total 173 particle size groups.
The expressions for the droplet growth rate and the
modified form of the vapour diffusivity and the ther-
mal conductivity are based on the formulations by
Pruppacher and Klett (1980).

This model has been applied to a study of orographic
clouds by Martinsson et al. (1997) where the adia-
batic cooling of the air parcel was driven by the up-
draught velocity of the air mass. In the present fog
study, the air mass was cooled by an isobaric process.
The fog was produced using an initial saturation ra-
tio of 0.998, by applying the following expression for
the air mass temperature (7):

daT —f2 wr, L
— =2cte &N\ =T — L
Cpa(1—e%)

dwy L.

&t Cpa 22)

where ¢ is the time, wy, is the LWC, L, the latent heat
of evaporation and C, the heat capacity of air. The
initial and final temperatures of the fog (7; and T§),
the final LWC of the fog (wyy), the duration of the
model (¢5) together with the constant ¢, which was
used to vary the rate of temperature decrease, were
given as input parameters. This expression produces
a temperature variation of basically the form (7 —
T;)(1 — exp(—ct?)) , with some disturbance of the
overall curve due to the latent heat of the condensa-
tion. Thus, the temperature decreases from the initial
value, at a rate determined by the constant ¢ and after
sufficient time the temperature remains constant at its
final value.

The water vapour saturation ratio change was com-
puted in the model from the relations in the wa-
ter vapour mixing ratio, the temperature and the air
expansion (the latter was negligible in this study).
Three examples of the development of the fog, with
all model input parameters the same except for the
value of the constant ¢ and (T; — Tf) (and hence the
final LWC produced) of the air mass are shown in
Figure 1. This shows how the temperature profiles
change with the value of the constant ¢ and, as a con-
sequence, the time required to produce the final value
of the LWC. This also leads to the case where a rapid
temperature decrease occurs, which produces an ear-
lier supersaturation and also a higher peak supersatu-
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ration. It can also be seen that a reduced value in the
LWC, results in the air mass barely reaching super-
saturation.

The dry particle size distribution used as the input
in the sub-micrometer region was based on mea-
surements by the DAA and a DMPS. The dry size
distribution of the super-micron particles was not
determined. The input to the model in this region
was based on estimates from the FSSP and the size-
resolved fog impactor, together with DAA data. The
basis of this estimation is presented in Section 3.2.
Organic substances may influence the interaction be-
tween aerosol particles and water during fog forma-
tion, by entering the solution at a high relative hu-
midity (Shulman et al., 1996), compared to the condi-
tions in measurements by the TDMA at 90% relative
humidity. They may also affect the surface tension of
the fog droplets (Capel et al., 1990). It is, however,
beyond the scope of this paper to investigate these ef-
fects in the modelling because no experimental data
on the organic constituents are available for compar-
ison from this campaign. The effects of organic com-
pounds are discussed further in Section 3.4. In the
model the droplets were treated as ionic solutions,
containing an insoluble fraction of particulate matter,
which was deduced from the TDMA measurements
(see Section 2.2), with the water activity described by
Raoult’s law (in Raoult’s law the number of moles of
ions of the soluble substances was used).

3 Results

3.1 Fog Definition

During the experimental period there were nine fog
events (Fuzzi et al., 1998) and the DAA was operat-
ing during events one to three and from five to seven.
During the remaining time of the field campaign, the
visibility was never more than 2500 m, which means
that we experienced misty or hazy conditions during
that time. The DAA was in operation approximately
300 hours during the campaign including 40 hours of
fog. .

Table 1: Definition of fog, mist and haze
according to atmospheric visibility.

Visibility Weather Condition
<500 m Fog

500 - 1000 m Mist
> 1000 m Haze

20 :
—o— Fog : T
—a— Mist > ]
10 ' —9— Haze . /;/;/P
a *—9 fd
a [ 3 - T..L L
= B i s S e S o A
& 1 o -
. i 2 ] E _
2 f _[ T )l
1
0.2 0.5 1
D, (um)

Figure 2: Average growth factor (Dy/Dp) over the campaign
for the three weather conditions: fog, mist and haze, as function
of dry residue diameter. The bars show the standard deviation
(&) from the mean. D; = ambient (droplet) diameter. D, = dry
residue particle diameter.

The DAA data has been grouped into the three
weather conditions namely: fog, mist and haze ac-
cording to visibility measurements, see Table 1. The
characteristics of these are given by Heintzenberg
et al. (1998). The growth factor (ambient diameter /
dry diameter) connected with the dry residue diam-
eters measured by the DAA (0.2 — 0.9 um) for the
above conditions are shown in Figure 2, for each of
the eleven residue sizes measured during the whole
campaign. The data are mean values for the whole
campaign for the respective condition. The average
droplet growth factors during the haze were about 2
and almost constant for all the dry diameters mea-
sured. Haze is associated with the lowest relative hu-
midity (RH). At higher RH, during misty periods,
the growth factors show a slight size dependency. A
small increase from 2.5 to 3 was observed with in-
creasing dry diameter. During fog periods (RH close
to 100%) the growth factors are drastically different.
The growth factors for the fog are significantly larger
than for mist and haze, which of course is expected,
they are also strongly dependent on particle diam-
eter. This can be explained by the Kohler equation
which shows that, when close to saturation, a small
change in RH will produce a larger change in ambi-
ent droplet size for the larger droplets. This means
that the largest droplets will vary their size more with
changing RH, than smaller droplets. This explanation
is valid if the droplets are unactivated and in equilib-
rium conditions, since activated droplets do not as-
sume an equilibrium size.

This paper primarily deals with the fog microstruc-
ture. The data from all fog events during the cam-
paign are shown in Figure 3, as ambient size related
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Figure 3: Fog data measured by DAA during the campaign. The
results are presented as ambient (droplet) diameter as function of
dry residue diameter. Every point represents a 15 minute sam-
ple. The bold line shows the critical diameter according to the
Kohler equation for particles consisting of 50% unsoluble matter
and 50% ammonium sulphate. Case A and case B were chosen
for more detailed studies. Note that the smallest (0.21 um) and
the largest (1.05 pm) dry residue sizes were not measured during
the whole campaign.

Table 2: Two cases selected for further studies.

Case Time period LWC (mg m™3)
(measured
with FSSP)
A~ November 13, 22:20-23:20 460
B  November 15, 07:15-08:15 380

to the dry residue size. The critical diameter for acti-
vation for a particle consisting of 50% insoluble ma-
terial and 50% ammonium sulphate is shown in Fig-
ure 3. This shows the approximate position of the
critical diameter, which will be elaborated on in Sec-
tion 3.4. It can be seen that most of the measurements
fall well below the critical diameter. Droplets which
are smaller than this critical diameter are unactivated.

Out of all the fog data, two one-hour cases were se-
lected for more detailed study, see Table 2. In case
A, during the first fog event, it can be seen that the
larger droplets were slightly larger than the critical
diameter indicated in Figure 3. This was chosen as
the case which possibly represents droplet activation.
Case B, during the second fog event, was chosen to
be the example more representative of the usual situ-
ation found during the campaign.

3.2 Dry Particle Size Distribution

During the field campaign, the sub-micron parti-
cle size distribution (from 0.003 to 0.85 pm) was

measured using a differential mobility particle sizer
(DMPS). The DAA. measured the dry particle size
distribution from 0.2 to 1 um, but unfortunately
no size distribution measurements where made for
super-micron particles (particles larger than 1 um in
diameter). As will be shown below, the super-micron
particles are important in the fog formation. An esti-
mation of their number and sizes was therefore made.

The FSSP measured the liquid water content (LWC)
related to droplets with ambient diameter from 2 to
47 pm and this was used as the total LWC (Wendisch
et al., 1998). The DAA measured the LWC associ-
ated with particles with dry residue diameters from
0.2 to 1 pm. The mass of water nucleated on particles
smaller than 0.2 pm is unlikely to be large. The mean
value of the LWC during case A, measured using a
FSSP was 460 mg m~> and by DAA, 70 mg m~3.
This indicates that most of the liquid water was as-
sociated with particles with a dry diameter of more
than 1 pm during the fog. Figure 4 shows the normal-
ized dry residue size dependent volume distribution,
as measured by DAA, for the average dry particle dis-
tribution over the campaign and the average ambi-
ent volume distributions for the three defined weather
conditions fog, mist and haze. The dry, haze and mist
distributions show a similar appearance, which is to
be expected from Figure 2, where it can be seen that

= 10
2 J -y !
N —— haze X
?Ei 08 q o Ambient, mist
5 06 —e— Ambient, 'o:g }, p
£ LN IS S V400 N0 W0 W RO
g o4 / :
2 i
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0.2 0.5 1
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Figure 4: Normalized volume distribution of dry particles and
ambient droplets of fog, mist and haze; measured by the DAA.
The dry residue particles are presented as average volume distri-
bution over the whole campaign and the fog; mist and haze distri-
butions are based on the average ambient droplet volume during
the respective weather conditions. All volume distributions are
given as a function of dry residue diameter and are normalized
individually to the maximum value of each of the distributions.
The maximum in the volume distribution are at 0.6-0.7 um in
dry diameter for the dry, haze and mist distributions whereas the
maximum of the fog distribution are at a higher dry diameter than
0.9 um.
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The line represents a fit of the data during mist.

the growth factors are almost constant in the size
range measured. For the fog, the growth factors are
increasing with diameter. This results in a completely
different shape of the ambient volume distribution,
with the largest volume fraction associated with the
largest particles measured. Hence, this also indicates
that most of the ambient (droplet) volume in the fog,
is associated with the super-micron particles and the
need of an estimation of their number and sizes.

In order to make the estimation of the number of par-
ticles larger than 1 pm in diameter and if possible the
number distribution, two methods have been used.
The first makes use of the average droplet number
distributions of mist and fog presented by Heintzen-
berg et al. (1998). These distributions are measured
by FSSP and DAA and are mean values for the dif-
ferent conditions (mist and fog) over the whole cam-
paign (see Figure 5). The DAA measures the ambi-
ent diameter related to dry residue diameters from 0.2
to 1 um and therefore the number distribution for the
fog are at larger ambient diameters than for the mist
(the particles have grown more). The FSSP measured
the number distribution from 2 to 47 pm in ambi-
ent diameter. For the fog the distributions from the
two instruments overlap, they fit smoothly together
and form a continuum. A summation of the FSSP dis-
tribution from the largest ambient diameter obtained
using the DAA (11 pm) up to 47 pum can be used to
estimate the mean value of the number of super mi-
cron particles, this results in an estimated value of 17
particles/cm?.

A similar estimation can be made for the mist. During
the mist the growth factors were much smaller and
from Figure 2 it can be seen that it is about 3 in the
size range 0.2 to 0.9 um in diameter. The mist curve

Table 3: Ionic concentration of droplets at various impactor
steps. Maximum ambient (droplet) diameters measured by the
DAA were for cases A; 26 pm and B; 12.5 um; which corre-
sponds to 0.9 pm in dry residue diameter.

Fog droplet impactor | Average ionic concentration
step (mid diameter) in the droplets
(km)
Case A
27.5 142x 100
39.5 233x10°P
Case B
12.5 14.3x 1077
21.5 439x10°P
27.5 34.6 x 1071
39.5 64.0 x 1071

in Figure 5 can be seen as a shift to the right of the dry
particle number distribution. This show more clearly
that droplets larger than the largest ambient diameter
measured with the DAA, have a dry diameter of more
than 1 um. An integration of the fit shown in Figure 5,
from 2.85 pum and upwards gave 18 particles/cm? .
This is very close to the value integrated from the fog
conditions and provides a clear indication that this re-
ally is the average number of super micron particles
during the campaign.

The second method was used to estimate the distribu-
tion of soluble matter in the super micro metre parti-
cles. The purpose of this is to provide the fog model
with input data. The droplet growth is primarily de-
termined by the amount of soluble matter. Hence,
the unknown fraction of insoluble matter (e.g. crustal
material) is of secondary importance in this context.
The estimates have been carried out by calculating
the average number of ions (of soluble matter) per
droplet from the size resolved fog droplet impactors
(Laj et al., 1998), the results of which are presented
in Table 3. The maximum ambient (droplet) diame-
ter measured using the DAA, which corresponds to
a diameter of 0.9 pm as dry residue, was in case
A 26 pm and in case B 12.5 um. The nearest im-
pactor step was in case A 27.5 pm and in case B
12.5 um. The following larger impactor steps in each
respective case had greater numbers of mole ions per
droplet which shows that droplets with these diam-
eters must have been nucleated on particles contain-
ing larger amounts of soluble material, than the parti-
cles with dry diameter of 0.9 um. The dry particle di-
ameter is proportional to the cube root of the number
of ions per droplet, which implies that the super mi-
cron particles are not very much larger than 1 pm, i.e.
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Figure 6: The number concentration of fog droplets as function
of ambient (droplet) diameter. The numbers in the legend refer to
the centre time of the sample averaging period. (a) Case A, (b)
Case B.

they can be seen as a tail of the accumulation mode,
at least with respect to the soluble matter.

3.3 Fog Droplet Size Distribution

This section presents the ambient (fog droplet) size
distribution results based on the DAA and the FSSP
data, in the two cases described in Section 3.1. The
droplet number distributions determined using these
techniques in cases A and B are shown in Figure 6. It
should be kept in mind that the FSSP directly mea-
sures the ambient droplet size distribution from 2-
47 um (5 — 47 pm are used here) and that the DAA
determines the size distribution of droplets related to
particles with dry diameter of 0.2 — 0.9 pm, i.e. the
upper part of the accumulation mode.

For case A, a fairly good agreement between the two
instruments was found in the size region 5 — 15 m,
see Figure 6a. In the size range above 15 um, the
DAA results are significantly lower than those from
FSSP. In Section 3.2 it was shown that a large amount
of liquid water in fog was associated with particles
with a dry diameter larger than the upper dry size
limit of the DAA. The mode that can be observed by
the FSSP, but not by the DAA, is therefore probably
associated with these larger particles.

The results obtained in case B are shown in Figure 6b.
From the DAA data it can be seen that the dry par-
ticle size region 0.2 — 0.9 um is associated with the
ambient diameter range 0.9 — 12 pm i.e. the growth
is smaller than in case A. The size distributions ob-
tained from the two instruments are in good agree-
ment from 5 — 12 um in ambient diameter and they
therefore complement one other very well during this
case. The only likely explanation for the droplets
larger than 12 pm in diameter, which were observed
by FSSP, is that they were formed on particles larger
than the upper dry size limit of the DAA.

Hence, the DAA displays the droplet size distribution
from the upper part of the accumulation mode, while
the FSSP shows the droplet size distribution associ-
ated with particles with a dry diameter partly from
the same size range as the DAA, but also from parti-
cles with dry diameter greater than 0.9 pm. The mode
appearing around 25 pm in case A (Figure 6a), thus
most probably consists of droplets nucleated on parti-
cles larger than approximately 0.8 pm, i.e. the upper
tail of the accumulation mode and the coarse mode
particles. The mode at 25 pm in case B (Figure 6b)
most probably consist of droplets nucleated on parti-
cles larger than 1 pm in dry diameter.

On combining the information from both DAA and
FSSP, it can be seen that the fog studied consisted
of a continuous droplet number distribution on the
time scales used (DAA = 5 min, FSSP 1 min). No
size region with a very low droplet number concen-
tration which can be related to the droplet activation
process (which was found in hill cap clouds (Martins-
son et al., 1997)) was observed. The less pronounced
modal structure observed, with the minimum around
15 um diameter cannot, according to this analysis, be
regarded as a limiting size with respect to droplet ac-
tivation.

3.4 Fog Droplet Size Related to Activation

The fog droplet formation and growth have been
analysed by relating droplet growth to activation, i.e.
by directly relating the ambient diameter associated
with the dry residue diameter, to the critical diame-
ter for activation according to the Kohler equation.
The relation between ambient and dry residue diame-
ter for cases A and B is presented in Figure 7. The two
cases are similar when the dry diameter is less than
0.5 um, but for larger dry diameters case A displays
considerably larger ambient diameters compared to
case B. Case A was selected because it showed the
strongest growth during the campaign, while case
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Figure 7: The ambient (droplet) diameter as function of dry
residue diameter. The line represents the critical droplet diame-
ter for activation; according to the Kéhler equation based on hy-
groscopic growth measurements made by the tandem differential
mobility analyser (TDMA). The bars show one standard devia-
tion of the measurement error and the errors are in the same range
for all presented droplet diameters; see Section 2.1.

B is representative of the usual situation during the
campaign, see Figure 3. The bold line in Figure 7
shows the critical diameter as a function of dry par-
ticle diameter based on the fraction of soluble matter
in the droplets. This was calculated from the hygro-
scopic growth measurements using the tandem dif-
ferential mobility analyser (TDMA).

The hygroscopic  properties as  measured
using TDMA were in fairly good agreement with the
fraction of ionic compounds, as determined with ion
chromatography analyses and gravimetric weighing
of impactor samples during this campaign (Berg et
al., 1998). This implies that mainly inorganic species
were responsible for the growth. These hygroscopic
growth measurements are related to 90% relative hu-
midity. However as the relative humidity increases
and the fog forms, some additional aspects have to be
considered in relation to activation:

(a) Dissolution of slightly soluble organic com-
pounds by the more diluted solutions

(b) Change of the surface tension by presence of or-
ganic compounds in more diluted solutions

(c) The effect of volatile ionic solutes

The first two aspects are effects that the TDMA mon-
itors when determining the hygroscopic growth at
90% relative humidity (RH), however the critical di-
ameter is attained at about 100%, when the droplets
are more dilute. Recent modelling results showed
that slightly soluble organic compounds may remain

undissolved in the concentrated solution at 90% rel-
ative humidity and only enter the solution of the
more diluted droplets when the fog forms (Shulman
et al., 1996). Recent measurements at the sampling
location used in these studies have found that or-
ganic species constituted 25-50% (by mass) of the
total dissolved compounds in fog water and a ma-
jor fraction of these consisted of high polarity macro-
molecules in the 10000 AMU region (Fuzzi and Zap-
poli, 1996). These species could either be dissolved,
or partly dissolved at 90% relative humidity (and thus
be accounted for in the TDMA measurements), or en-
ter the solution when the fog forms from the diluted
droplets. The result of this behaviour is an increase
of the critical diameter.

The droplet growth is also affected by the surface ten-
sion of the droplets. Capel et al. (1990) found that the
surface tension of fog water depended on the concen-
tration of dissolved organic matter. At low concentra-
tions, below 100 mg/l, the surface tension was simi-
lar to that of pure water, but was approximately 80%
of that value in more concentrated solutions. The net
result of a decreased surface tension is an increased
critical diameter.

The uncertainty in detailed knowledge concerning
organic compounds is probably not of great signifi-
cance. The influence on condensational growth (and
hence, the critical diameter) by organic compounds
is very low, if the soluble fraction is more than 10%
(Lemmel and Novakov, 1995).

The third aspect is the possible influence of the mea-
suring technique. The TDMA (and also the DAA)
samples wet droplets, which are dried in the instru-
ment and during this process volatile soluble species,
e.g. HNO;, can evaporate. The amount of soluble
material in the droplet could therefore have been
greater than that measured by TDMA, resulting in
a larger critical diameter for the dry residue particle
measured.

When the DAA data are related to the critical di-
ameter according to TDMA measurements in Fig-
ure 7, it can be seen that no activated droplets ap-
pear in case B, while a shallow activation can be seen
in case A. Thus, for the latter case, particles smaller
than 0.55 um (critical droplet diameter, 8 pum) formed
unactivated droplets, while larger ones formed acti-
vated droplets (at least up to 0.9 pm dry diameter).

The interpretation of the dependency of the ambient
diameter on the dry residue diameter related to the
droplet activation process, depends on how the hy-
groscopic properties are described. With the assump-
tion that the hygroscopic properties, as measured by



Vol. 71, 1998

Droplet Formation and Growth in Polluted Fogs 75

100

AR
wA
A A N
10

O DAACaseA
A DAACaseB
e Fogimp. Case A
14 * Fog imp. Case B
q = sc*

©
H
O
e

1 2 3 4 6 810 20 30 40
Amblent (droplet) diameter (pm)

Solute concentration (mmol ions/l)

Figure 8: The fog droplet solute concentration as function of
ambient (droplet) diameter measured by DAA and size resolved
fog droplet impactors. The line (SC*) represents the solute con-
centration at the critical droplet diameter for activation. The bars
show one standard deviation of the error and the errors are in the
same range for all presented droplet diameters.

TDMA, can be extrapolated to the conditions prevail-
ing in a diluted fog droplet, a weak activation some-
times occurred in the fog studied, for the droplets nu-
cleated on the largest accumulation mode particles.
Dissolution of additional material in the diluted state,
a reduced droplet surface tension and the effect of
evaporating soluble species, all tend to increase the
critical diameter for a given residue size. The fog can
for most of time during this campaign therefore be
classified as consisting of unactivated droplets, while
it is not clear from these measurements, if the few
periods when the critical diameter, calculated from
TDMA-measurements, was exceeded, actually was a
result of activation.

3.5 Fog Droplet Solute Concentration

A large fraction of gas-to-particle conversion in
the atmosphere can be attributed to fog and cloud
droplet reactions. Chemical reactions in fog and
cloud droplets are assumed to be strongly dependent
on the solute concentration in the droplets, for in-
stance pH-dependent reactions (Twohy et al., 1989).
Theoretical considerations and model calculations
show that the droplet solute concentration is also
strongly dependent on droplet size (Ogren and Charl-
son, 1992).

The size dependent solute concentration (solute =
dissolved soluble species) in droplets, for cases A and
B, are presented in Figure 8 in relation to the critical
solute concentration for activation according to the
Kohler equation. The dry diameter associated with

the ambient diameter, as measured using DAA, to-
gether with the amount of soluble species in the parti-
cles calculated from the hygroscopic properties mea-
sured by TDMA, have been used to calculate the so-
lute concentration:

D,\? ip

SC = —-’1) e—

< Dy mg

where SC = solute concentration, D), = dry particle di-
ameter, D; = ambient (droplet) diameter, € = soluble
fraction (by volume) calculated from TDMA mea-

surements, i, p and m; = number of ions per molecule,
density and molecular mass of the solute.

[mole ions /1] 3.1)

Figure 8 also shows the solute concentrations mea-
sured by the size resolved fog droplet impactors for
the two case studies (Laj et al., 1998). The two meth-
ods found similar overall behaviour, with both show-
ing the decrease with increasing diameter and the
magnitude of the decrease. However the fog droplet
impactors found in most cases higher solute concen-
trations. This can partly be explained by the DAA
data being based on measurements of the ambient
size and dry residue size. Inevitably, some volatile
compounds can escape the particle during the diffu-
sion drying process of the droplets in the instrument.
This could to some degree affect the solute concen-
tration. Part of the difference may also be explained
by the measurement errors of the two methods. The
size dependent chemical composition of fog droplets,
during this campaign, are described and discussed in
more detail by Laj et al. (1998).

It can be seen in Figure 8 that the solute concentration
of the two cases show same behaviour up to 4 pm in
diameter, while for larger droplet diameters the so-
lute concentration is much lower for case A. It can
also be seen that both measuring methods show re-
sults that are below the critical solute concentration
(based on the K&hler equation and the surface tension
of pure water) for large droplet sizes in case A, while
all droplets remain unactivated in case B.

The solute concentration was found to be strongly
size dependent, rapidly decreasing with increasing
droplet size. In case A, this decrease was by more
than a factor of 100 in the droplet size region 1-
40 pm, but somewhat less in case B. The decreas-
ing solute concentration with size is expected for un-
activated droplets in the equilibrium state, while the
opposite dependence is expected for large growing
droplets, where the dynamics of the growth prevents
the droplets from reaching their equilibrium size in
the time available for the growth, see Chapter 4.
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and the FSSP together with the model results. The aerosol mass load was 50 pg m™3; the LWC 0.4 g m~> and

the constant ¢ was 10~7 572,

4 Modelling of the Fog Microstructure

In this section the experimentally observed mi-
crostructure of the fog will be related to that expected
from modelling studies. The latter is obtained from a
closed parcel cloud model, where the fog formation
and development is simulated. The aim is not to de-
scribe the fog in all its details, because some impor-
tant experimental parameters are missing. It is very
difficult to retrieve the history of the air mass ob-
served at the experimental site due to the advection.
This implies that the variations in observed param-
eters (e.g. LWC) do not necessarily reflect the evo-
lution of the fog since they could also be indicative
of spatial variations. The emphasis will therefore be
placed on exploring the main features of the fog mi-
crostructure. In the first sub section the model will be
related to experimental data and in the following sub

sections, the effects of air mass cooling rate, aerosol
mass load and the ageing of the fog will be investi-
gated.

4.1 Model Related to Measurements

In the previous section it was shown that most of the
time the fog consisted of unactivated droplets. Dur-
ing a short period of the campaign activation possi-
bly occurred. The sub section will concentrate on this
period, because we will show in the following that
a clear example of a fog consisting of only unacti-
vated droplets can easily be obtained from the model.
The fog started at 20.30 h on the 13th November and
reached a LWC of 0.5 g m™3 after 1 h. The value
dropped to 0.1 g m™3 . Half an hour later the LWC
had returned to a high level, which then persisted for
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several hours. The DAA measurements showed that
activation possibly occurred, both before and also
two hours after the minimum in the LWC. DAA data
from four 15 min. measurement periods, with each
being used to measure three different residue sizes,
covering the time period 22.20 - 23.20 h (case A),
will be compared with the results from modelling.
These measurements were thus taken in the time pe-
riod when the LWC had just returned to the higher
level. As pointed out above, variations in LWC can
be caused by variations in both time and space due
to advection. The horizontal wind speed was around
3 m s~!, implying that advection could be a reason
for the variations in the LWC. Nevertheless, the tem-
poral LWC variations were similar to those used in
the model. The time period covered by the measure-
ments was in this time frame, in the region where
the effect from the rate of temperature decrease, dur-
ing the onset of the fog, has begun to decline accord-
ing to modelling. The ageing of the fog will be dis-
cussed in Section 4.4. The modelling results obtained
are compared with the experimental data from the
DAA, FSSP and DMPS in Figure 9. The dry particle
size distribution of the DAA and the DMPS was used
as input for the model, to describe the particle size
distribution in the sub micrometer diameter region.
The discrepancy between the two instruments above
0.5 pm dry diameter was due to the interstitial inlet
ambient cut-off diameter of 5 pm used for the DMPS
measurements, see the dry particle size distribution
projected in Figure 9. The upper sub micrometer and
super micrometer dry size distribution was estimated
by weighing together the data from the DAA, FSSP
and the size-resolved fog impactors, as described in
Section 3.2.

The model was started at a saturation ratio of 0.998
and the temperature was decreased isobarically to
produce supersaturation. Several different rates of
temperature decrease were used in the modelling. For
the case shown in Figure 9, the temperature gradient
was -0.17 mK s~! (depends primarily on the constant
¢) when the maximum saturation ratio (1.00027) was
reached. This approximately corresponds to an up-
draught velocity of 0.02 m s! in an adiabatically ris-
ing air mass. The modelling results displayed shows
the situation 85 min after the start of the model, when
90% of the LWC has formed. Good agreement be-
tween model and measurements, in the relation be-
tween ambient size and dry particle size up to 0.7 um
dry diameter can be seen (the 3D part of Figure 9),
where the modelled sizes follow those measured, in
the region with unactivated droplets (small diame-
ters) and turn over the critical diameter of activation
(the bold, solid line). For the two largest dry particle

sizes measured, the model somewhat underpredicts
the ambient size. Figure 9 also shows that the largest
particles remain unactivated according to the model,
although their critical supersaturation with respect to
activation was exceeded by the fog. This can be ex-
plained by limitations caused by the rate of droplet
growth. The droplet diameter growth rate depends,
to the first approximation, inversely on the droplet
diameter. Hence the larger the critical diameter, the
longer the time required for the growth to reach acti-
vation.

The projected ambient size distribution of Figure 9
(dN/dlogDy) shows good agreement between the
model and the DAA results, up to 4 pm and with the
FSSP to large diameters (D > 10 um). The DAA is
not expected to reproduce the mode of large droplets
because these are nucleated on super micrometer dry
particles which were not measured, see Section 3.3.
The dip of the ambient size distribution around 7 um
in the model was caused by droplet activation. It will
be shown below that the shape of the size distribution
in that region can vary substantially with time and dy-
namics of the fog. Overall it can be seen that most of
the major characteristics of the fog were reproduced
by the model, i.e. most of the dry/ambient size rela-
tions, the continuum from small to super microme-
ter droplets and the small mode of very large (25 pum)
droplets.

4.2 Influence of the Rate of Temperature
Decrease

The rate of temperature decrease during the fog for-
mation was varied in the model by one order of mag-
nitude, by varying the constant ¢ between 1076 —
1078 572, while keeping the dry particle size dis-
tribution and the final LWC of the fog constant
(0.4 g m™3). The relationships between ambient di-
ameter and dry particle diameter and the droplet size
distribution, when 90% of the final LWC had been
produced by the five model runs at different tempera-
ture gradients are shown in Figure 10. The 90% level
was chosen as one reference point in the presentation
of the modelling results, where features of somewhat
longer duration compared to earlier stages in the fog
formation, can be discerned. The development with
time of the fog is dealt with in Section 4.4. It can be
seen that the model produces more activated droplets
where the rate of temperature decrease was the great-
est. The activation went further down in dry particle
diameter the stronger the decrease. It can also be seen
that the larger super micrometer particles did not ex-
ceed the critical diameter of activation because of the
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Figure 10: Microphysical characteristics from simulations with
varied temperature gradient during the formation of the fog. The
values of the constant ¢ (10‘6...10‘8 5_2) correspond to maxi-
munm rates of temperature decrease of -0.56; -0.31; -0.18; -0.10
and -0.056 mK s~!. See also Figure 1. The graphs show the sit-
uation when 90% of the final LWC of the fog was formed. The
aerosol mass load was 50 jig m~3 and the final LWC 0.4 g m3,
a) The ambient (droplet) diameter as function of dry particle di-
ameter. The bold line shows the critical diameter of activation. b)
The droplet size distribution as a function of ambient diameter.

limitation in the rate of growth, although the largest
droplets were nucleated on the largest particles. In
Figure 10a it can also be seen that almost no acti-
vation occured at the lowest rate of the temperature
decrease during fog formation. Thus, the most com-
monly observed structure of the fog in this campaign,
i.e. that of a fog without activated droplets, is readily
modelled using a sufficiently low rate of change in
the temperature.

The resulting droplet size distributions for different
rates of temperature decrease during fog formation
are shown in Figure 10b. It can be seen that the
distribution varies strongly with this rate. The com-
mon feature of all distributions is that of a mode
at large droplet diameters of low number concentra-
tions. These droplets were formed on the super mi-
crometer particles. The main difference between the
cases appear around 10 — 15 um diameter, where a
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Figure 11: The ambient (droplet) diameter as a function of dry
particle diameter for various aerosol mass loads (in g m~3) and
LWC(ing m'3). The value of the constant ¢ was 10~7 s=2. The
bold line (Dd*) shows the critical diameter of activation.

second droplet mode appears. This mode becomes
more prominent as the rate of temperature change
increases, and by comparing with Figure 10a it can
be seen that the major part of this mode consists of
activated droplets. It can also be seen that a signifi-
cant gap develops for the fastest fog formation cases,
in the distribution between the activated droplets
and the smaller unactivated droplets, which were
formed on small particles. Thus, the activation pro-
cess makes a very strong impression on the droplet
size distribution. For the most rapid rates of tem-
perature decrease during fog formation, the droplet
number concentration was very much higher in the
mode of activated droplets compared to the mode of
droplets nucleated on the supermicrometer particles.

4.3 The Effect of the Aerosol Mass and the
LWC of the Fog

The aerosol mass present in the developing fog was
varied by a factor of 4 (25 - 100 pg m~3; the total
mass of ammonium sulphate and/or nitrate) in three
modelling cases. The previous model results have
used a mass load of 50 ug m~3 and the experimen-
tally measured values (DAA and estimates of super
micron particles, see Section 3.2) were in case A, 70
pg m~3 and in case B, 85 pg m™3. The size distribu-
tion of the dry aerosol particles was held constant and
the same as in the sub sections above and the value of
the constant ¢ used was 10~7 s~2, Figure 11 shows
the relation between the ambient and the dry parti-
cle diameter when the LWC reached 90% of its fi-
nal level. The aerosol mass load strongly influenced
the microstructure of the fog. From the results ob-
tained it would appear that a doubling of the mass
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load from 50 ug m™3 does not lead to the formation of
activated droplets. Thus, similarly to a slow tempera-
ture decrease during fog formation, a high mass load
can also produce a fog without activated droplets. At
lower mass loads, activated droplets are formed on
smaller particles. It can also be seen that a decreased
aerosol mass load led to generally larger droplets for
a given particle dry diameter, including the super mi-
crometer dry particle diameter region. This is to be
expected because the LWC is then divided by fewer
droplets.

The LWC of a fog is an important parameter in con-
junction with the aerosol mass load. In the mod-
elling presented thus far the LWC was 0.4 g m~3 and
the experimental (by FSSP) values were in case A,
0.46 gm™~3 and in B, 0.38 g m~3. These are high val-
ues for fogs, compared to those commonly reported
of below 0.1 g m~3 (Pruppacher and Klett, 1980).
The case presented in Figure 9 was from the period
with the highest LWC, during the present campaign
(case A); a value of 0.1 g m™3 would be more typi-
cal. In Figure 11 it can be seen that by reducing the
LWC to this value and keeping the aerosol mass load
at 50 ug m~3 no activated droplets are formed. To
further investigate the relation between aerosol mass
load and LWC, the aerosol mass load was decreased
with the same factor as the LWC to 13 pg m=3. In
Figure 11 it can be seen that the ambient sizes, as a
function of dry particle size, are almost identical to
the case with the same relation between the LWC and
the aerosol mass load, i.e. 0.4 g m~3 and 50 ug m=3.
Thus, the effect of the aerosol mass load inter-related
with the LWC of the fog and together they strongly
influence the microstructure of the fog.

4.4 The Ageing of the Fog

So far the modelling has been presented as “snap
shots” for given conditions in the fog, in order to
present the effect of some parameters. However, each
modelling procedure describes the formation and
evolution of the fog for a given set of input param-
eters. The microstructure of the fog varies with time
according to the model and the evolution has been
followed for about 3 h. It can be argued whether it is
realistic to follow the fog for such a long time with
a closed parcel model. The distribution of the wa-
ter between the droplets may be affected by mixing
processes (Wobrock et al., 1998) and occasionally by
drizzle formation (Wendisch et al., 1998). Atlong fog
times gravitational settling of the droplets may affect
the microstructure, e.g. a25 pm droplet fall 70 m dur-
ing one hour. Hence, the large droplets will be lost
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Figure 12: The ambient (droplet) diameter as a function of
dry particle diameter related to the time from the start of the
model for the case aerosol mass load was 50 pg m~3; the LWC
0.4 g m=3 and the constant ¢ was 10~7 s~2, The bold line shows
the critical diameter of activation.

from the air mass unless a thick fog layer above can
replace them. Keeping these complications in mind,
it is still interesting to study the intrinsic dynamics
of the droplet growth, which are related to the fog
dynamics and, in particular, the effect of the size-
dependent water vapour pressure at the droplet sur-
face.

In all the model computations the fog formation was
described by an isobaric temperature decrease using
the expression given in Section 2.3. This means that
the liquid water of the fog is produced at the begin-
ning, with a rate which varies with the constant c,
thereafter the temperature and hence the LWC re-
main at a constant level. Figure 12 shows an exam-
ple (the same case as shown in Figure 9) on how
the ambient size dependency on the dry particle size
changes with time, from the start of the model at
the saturation ratio 0.998. The almost straight line at
small ambient diameters show the initial conditions.
Fog droplets which have nucleated on dry particles
with diameters around 0.6 pm, approached activa-
tion after 30 min and after 60 min, activated droplets
have formed on dry particles with diameters in the
size region 0.49 — 1.0 um. As time passes, the dry size
region with activated droplets shifts towards larger
diameters and after 90 min the dry size diameters
0.53 - 1.1 pm were the sites of the activated droplets.
This means that some droplets (those nucleated at dry
sizes 0.49 — 0.53 um) are de-activated in the fog at
the same time as new activated droplets are formed
on the dry particles in the 1.0 — 1.1 pm size region.
The droplet size distribution from almost the same
time (80 min) is shown in Figure 10b (the case of
¢ =107 s72) where 90% of the LWC had formed. As
the fog persists, with a slow convergence to zero rate
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of liquid water production, the redistribution of the
water from the activated smaller droplets to the large
droplets, which have nucleated on the largest parti-
cles, continues.

The redistribution of the fog water can be better
understood by studying the time required for fog
droplets to react on a change of relative humidity.
Hénel (1987) deduced an expression which char-
acterises the response time of an equilibrium sized
droplet to a step change in the saturation ratio (S).
This can be obtained by relating the given step size to
the rate of change in the saturation ratio at the droplet
surface (S,):

_8§=8S, S-S, _ Dy
TEs, T dsdn; s, “v
dt dD, dt ngd
where
d_ad_ _ 8(S—Sa)
dt Dy

dS,/dDy can be obtained from the Kohler equation
and g is a function of several parameters (Pruppacher
and Klett, 1980). It can be seen that the time is inde-
pendent of the step size in relative humidity, implying
that the quantity can be used as a measure of the re-
sponse time at given conditions. The droplet attaines
the new equilibrium state after approximately 57, ac-
cording to Hénel (1987). This can be used as a mea-
sure of the time required for equilibrium droplets to
adjust to changes in relative humidity. The values ob-
tained for five initial conditions (90, 99, 99.9, 100 and
100.005 % relative humidity), together with droplet
size for dry particle diameters 0.2, 0.5 and 1 um, con-
sisting of 50% (NH4),SO4 and 50% insoluble mate-
rial are presented in Table 4. It can be seen that the
time to reach the new equilibrium depends strongly
on the initial relative humidity, droplet size and the
dry particle size. Below 99% relative humidity the
time is 5 s or less for particles smaller than 1 pm.
Close to saturation the time required becomes signif-
icantly longer and of the same order of magnitude,
or longer than the time evolution period studied by
the fog model. The 1 um particles require about 10 h
to reach the new equilibrium state at 0.05% super-
saturation. For equally sized droplets it can also be
seen that a droplet containing a less concentrated so-
lution requires a longer time to adjust than one con-
taining a more highly concentrated solution, for ex-
ample compare the 0.5 pm particle at 0.05% super-
saturation with the 1 pwm particle at -0.1%, see Ta-
ble 4. This is caused by the very weak dependency

E 1

= =+=+ 1E-06;0.4; 50 =--=:1E-07; 0.4; 100
N T e 3E-07;0.4; 50 =--:1E-07;0.4; 25
v 08 —— 1E-07;04; 50 - 1E-07; 0.1; 50
o -w=- 3E-08; 0.4; 50 ~—-— 1E-07;0.1; 13
9 s s 1E-08; 0.4; 50 ¢; LWC; Mass|
< 0.6 v .

o

c

o

s

-l

)

s

W

Time (h)

Figure 13: The fraction of the fog LWC carried by droplets
which nucleated on particles which in the dry state belong to the
size region 0.4-1.2 pm (“‘activation ratio”) as a function of the
time from the start of the model. The temperature gradient dur-
ing the formation of the fog (in terms of the constant ¢ (s™2)); the
aerosol mass load (ug m~?) and the LWC (g m~3) was varied.
See the caption of Figure 10 for interpretation of the constant c.

of the water activity on droplet size for diluted solu-
tions, i.e. larger changes in droplet size is required as
the water activity approaches 1. These results imply
that the largest particles studied here cannot follow
the development of the relative humidity during the
fog formation and that their reaction to fluctuations is
slow after the fog has formed.

Almost all the activated droplets are nucleated on dry
particles within the size region 0.4 — 1.2 pm, see Fig-
ures 10a, 11 and 12. In order to obtain an overview
different simulations, with respect to the redistribu-
tion of the water between the droplets, the ratio of the
integrated liquid water associated with that dry parti-
cle size region to the total LWC, were computed as a
function of time from the start of the model (the “acti-
vation ratio”). Hence, in these simulations, which all
used the same dry particle size distribution (but not
the same number concentration), a high value of this
ratio means that a large fraction of the LWC was as-
sociated with the activated fog droplets. The results
of these simulations are shown in Figure 13 for vari-
ous rates of temperature decrease, aerosol mass loads
and LWC. It can be seen that a high mass load, a
low LWC, or a low rate of temperature decrease pro-
duces a low “activation ratio” during the time cov-
ered by the simulations. Thus, no or very limited
activation takes place. For greater rates of temper-
ature decrease, higher LWC or lower aerosol mass
loads, the fraction of the LWC associated with ac-
tivated droplets was substantial at the beginning of
the simulations and drops off as the fog develops.
In the example shown in Figure 12 the maximum in
the “activation ratio” was after approximately 60 min
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Table 4: The droplet diameter (D) and time required to adjust to a new equilibrium state (51)
after a step change in relative humidity for three particle diameters (D) as a function of water
vapour supersaturation. The particle composition is 50% ammonium sulphate and 50% insolu-

ble matter.
Dp (1Lm) 02 J05] 1 02 [ 05 ] 1
Supersat. (%) D, (Lm) 5T (min)

-10 0.32 1 0.80 | 1.61 | 9.3E-05 | 4.7E-04 | 1.8E-03
-1 0.60 | 1.59 | 3.25 [ 2.7E-03 | 0.019 0.081
-0.1 0.95[294]6.44 ] 0.031 0.47 2.7
0 1.12 | 444 1 12.6 | 0.081 4.7 105
0.05 13316231202 024 49 5390

and reached 90% of the final LWC 80 min after the
start of the model. In cases with still higher rates of
temperature decrease and an ionic mass load of 50
ug m~3, even higher values of the “activation ratio”
were attained at the beginning of the simulations, but
after approximately 1.5 hour most of the water had
transferred from the activated droplets to the larger
droplets nucleated on the super micrometer particles.

A reduction of aerosol mass load for a given LWC
leads to a longer life-time of the activated droplets,
compare for example a mass load of 25 pg m~> with
that of 50 g m~3 at 0.4 g m~3 LWC, see Figure 13.
Again, a reduction of both the aerosol mass load and
the LWC by a factor of 4 (from 50 to 13 pg m™3
and 0.4 to 0.1 g m™3) leads to an almost identical
dependence on time of the activation ratio for the
two cases, see Figure 13. This implies that the rate
of the re-distribution of the fog water, from the acti-
vated droplets, to the droplets nucleated on the largest
particles, is strongly dependent on the relation be-
tween the LWC and aerosol mass load and hence
the degree of dilution of the droplets. This can be
further explained using the results presented in Fig-
ure 11. It can be seen from this that a reduced aerosol
mass load for a given LWC leads to overall larger
droplets. The activated droplets were in the size re-
gion of 13-28 pm for the case at 25 y1g m™> mass
load, comgared with 10 — 23 um for the example with
50 pg m~. In addition the unactivated droplets nu-
cleated on the super micrometer dry particles were
significantly larger in the former example. For un-
activated droplets the growth leads to an increase of
the water vapour pressure at the droplet surface (p,),
while it decreases for activated droplets. This directly
reduces the rate of redistribution of water to the large
unactivated droplets because of the reduction of the
difference between the two types of droplets, in the
expression (pinf — pa), Where piye is the water vapour
pressure far away from the droplet, which is almost
directly proportional to the growth rate (positive or

negative) of the droplets. As a consequence it takes
longer time for the large unactivated droplets to con-
sume the water available, when the aerosol mass is
reduced for a given LWC.

5 Discussion

The microstructure of the fogs in the present study
show in some respect the same picture as in previous
fog studies, but a major discrepancy is the conclu-
sions regarding activation and scavenging. The fogs
studied differs though significantly from what have
been observed in clouds.

The results from this study shows that most of the
time the fog consisted of unactivated droplets. Dis-
cussions of scavenging by activation are therefore
notrelevant. Previous fog studies at the same location
(Noone et al., 1992) based on the counter-flow virtual
impactor (CVI) defined the ambient droplet diameter
5 pm as the minimum size of the fog droplets, while
those smaller were classified as interstitial aerosol
particles. In the present study such a criterion would
lead to that the limiting size would be in a continuous
distribution. It is not clear if the scavenging presented
in Noone et al. (1992) are a real effect or if it could be
an effect of the measuring technique used, because no
measurements regarding the activation status of the
fog droplets were made during that campaign.

The difference between the present fog study and
previous cloud studies can be demonstrated by com-
paring the relation between ambient droplet diam-
eter and dry particle diameter from a typical case
of a study of orographic clouds (Martinsson et al.,
1997) with a typical case (case B) from the present
fog study, see Figure 14. It can be seen how the
activation in the orographic cloud resulted in cloud
droplets which were up to a factor of 10 larger than
the critical diameter of activation. Hence, a mode of
activated droplets formed which in terms of ambi-
ent size, were separated from the interstitial aerosol
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Figure 14: The relation between ambient and dry particle diame-
ter measured with the DAA. A typical case from a study of oro-
graphic clouds (Martinsson et al., 1997) compared with a typi-
cal case from the present fog study. The occurrence of two curve
symbols for some dry particle diameters in the cloud case was
caused by that a fraction of those particles served as cloud con-
densation nuclei while the remainder of them were interstitial
aerosol particles. The critical diameter is a representative line
which is close to the lines for both the fog and the cloud experi-
ment.

particles. Differences between the results from the
present fog study and the orographic cloud study are
that the clouds usually formed with a significantly
faster temperature decrease (varied between —3 and
—20 mK s~! as deduced from the updraught condi-
tions of the air mass) than the fogs presented in Sec-
tion 4. The aerosol concentration was generally lower
in the orographic clouds, while the LWC was higher.
Another important difference is found in the duration
of the two systems. While the orographic cloud com-
monly produce supersaturation in a given air mass
for a relatively short time period (tens of minutes),
the fog may persist several hours or more. The study
of orographic clouds showed also that almost all the
cloud water was associated with activated droplets in
amode at 10— 15 um diameter which was formed on
sub-micrometer particles. That mode was well sepa-
rated from the interstitial aerosol, see Figure 14. Par-
ticles of dry sizes down to 0.1 pm served as cloud
condensation nuclei. The results from the present fog
study showed a small mode with large droplets which
contained a large fraction of the fog water. These
droplets were associated with particles that are super
micrometer, in the dry state.

Fog droplet distributions similar to the ones found
in the present study has been observed in previous
studies (Pruppacher and Klett, 1997). These studies
show continuos fog droplet distributions, i.e. no gap
in the distribution as could be seen in for example the
study of orographic clouds mentioned above, see Fig-

ure 14. Model results of the fog, presented in Sec-
tion 4, also show that a continuos distribution will
be obtained if the droplets remain unactivated or just
“slightly” activated, see Figure 10b.

The results from this experiment show that the fog
droplet solute concentration has a strong dependence
with droplet size. This has also been observed in a
previous study (Ogren et al., 1992) at the same sam-
pling location. They found the same size dependency,
i.e. decreasing solute concentration with increasing
droplet diameter, and the results from that experi-
ment is in good agreement with the present study.
This indicates that the fogs in the previous study at
the same location (Noone et al., 1992; Ogren et al.,
1992) had a similar microstructure as the fog in the
present study.

Other experimental and modelling studies of size
dependent solute concentration in fogs and clouds
(Noone et al., 1988; Ogren et al., 1989; Pandis et
al., 1990; Ogren and Charlson, 1992; Martinsson
et al.,, 1997) show also a strong dependence of so-
lute concentration on droplet size. In Pandis et al.
(1990) fog development was studied with a model
and the results show a decreasing solute concentra-
tion with increasing droplet size. Noone et al. (1988)
and Ogren et al. (1989) present experimental stud-
ies of droplets in clouds. Their results show an in-
creasing solute concentration with increasing droplet
size. Ogren and Charlson (1992) were dealing with
modelling of cloud droplets. Their results show that
droplets at time for activation, i.e. still at equilib-
rium conditions, have a decreasing solute concentra-

- tion with increasing droplet size and that activated

cloud droplets have an increasing solute concentra-
tion with increasing droplet size. Martinsson et al.
(1997) presents experimental and modelling results
of cloud droplets and the results show an increas-
ing solute concentration with increasing droplet size
for activated droplets while decreasing for the small,
interstitial aerosol particles. Thus, the clouds com-
monly produce a reversed size dependency of the so-
lute concentration compared to what has been ob-
served and modelled for fogs.

Several factors affect the droplet size dependency of
the solute concentration. Some basic features can be
highlighted with the fog model results presented in
Section 4. Figure 15 shows six “snap shots” from five
fog developments modelled, i.e. the situation when
90% of the LWC was formed is displayed except for
the curve marked with (*) which shows the situa-
tion approximately 80 min later (the two last enti-
ties of the Figure legend were taken from the same
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Figure 15: The solute concentration as a function of fog droplet
diameter from simulations after 90% of the LWC was formed;
except the simulation marked(*). That comes from the same sim-
ulation as the simulation above in the legend; but shows the so-
lute concentration at the end of the simulation (approximately
80 min later). The temperature gradient during the fog forma-
tion was varied (¢ (5_2)) together with the LWC (g m‘3) and the
aerosol mass load (g m™3). The bold line shows the solute con-
centration at the critical diameter of activation (SC*). The curve
symbols relate to the actual size groups used in the model; which
were equally spaced by a factor of approximately 1.033 in the dry
state. The variable spacing as a function of ambient diameter is
a consequence of the dynamics of the growth.

modelling case). Three particularly interesting fea-
tures of the size dependency can be pointed out from
Figure 15. All the modelling cases result in approx-
imately the same behaviour for small droplets with
a decreasing solute concentration with droplet size,
some of the cases show a gap in the distribution at in-
termediate droplet sizes and the solute concentration
increases with the size for the largest droplets. The re-
semblance of the cases at small droplet diameters can
be attributed to that the droplets have assumed their
equilibrium size. The small difference that can be ob-
served is caused by slight differences in the relative
humidity. It can also be seen that the upper limit of
the equilibrium size region varies from below 3 pm
diameter for the case with the fastest temperature de-
crease (¢ = 1 x 1078 s~2) to the order of 20 pm for the
case marked with an asterisk. (The slope of the equi-
librium solute concentration curve closely resembles
that of the critical solute concentration well below the
activation point where it turns towards that curve, see
e.g. the curve of the ¢ = 1 x 1078 s72 case.) Those
cases where activated droplets formed (i.e. a solute
concentration lower than the critical solute concen-
tration) is characterised by that a gap develops. in
the droplet size distribution. For e.g. the case with
25 pg m~3 aerosol mass load very few droplets are
found in the size region 3 — 18 um, implying that the

fog from practical point of view consists of two kinds
of droplets: the small unactivated with decreasing so-
lute concentration with size and the large droplets
where the solute concentration increases with size.
It can be seen that the latter size region includes ac-
tivated droplets up to approximately 27 pum, while
those larger are unactivated. Nothing dramatical hap-
pens around the activation line in this size region. The
difference between the droplets, except for the size,
is that the vapour pressure at the droplet surface de-
creases with increasing droplet size, which influence
the ageing of the fog, see Section 4.4. None of these
droplets are of equilibrium size, implying that they
are either growing or shrinking at any given relative
humidity. From the case with the LWC 0.1 g m™3
it can be seen that no activation is required in the
fog for the occurrence of a droplet size region where
the solute concentration increases with size. These
droplets are still in the growing phase, as can be seen
by comparing the two curves from that case which
are separated in time by approximately 80 min. Such
adis equilibrium is caused by insufficient growth rate
for the large droplets (which were nucleated on large
aerosol particles) to reach the equilibrium size.

The closed parcel fog modelling shows the intrin-
sic features of droplets growing by vapour diffusion
to the droplets. From this it was found that the fog
consists of two kinds of droplets, those of equilib-
rium size and those which are not at equilibrium. The
droplets at equilibrium appear at the small droplet
size end, where the solute concentration decreases
with droplet size. The large droplets were found to
be at dis-equilibrium with respect to droplet size and
the solute concentration increasing with size. Such
droplets can be activated or unactivated. Depend-
ing on several factors, the transition between the two
regimes can be smooth or be characterised by a gap
in the distribution caused by droplet activation and
the droplet size where the transition takes place is
strongly dependent on the conditions prevailing in
the fog.

6 Conclusions

In this study of fog formation in a polluted region
of northern Italy it was found that the fog droplet
size distribution was continuos in the size region 1 —
47 um without any gaps generated by the droplet ac-
tivation process, which has been observed in clouds.
This means that the activation cannot be studied by
relating to any fixed droplet diameter. In this study
the droplet aerosol analyser (DAA) was used to de-
termine connected ambient (droplet) and dry residue
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sizes. By relating these quantities to each other it was
found that the fog consisted of unactivated droplets
or droplets possibly larger than the critical diameter
for activation (according to the Kéhler equation). The
solute concentration of the fog droplets was gener-
ally higher than observed in a hill cap cloud and it
decreased with increasing dry residue (or droplet) di-
ameter. This reversed dependency compared with the
“normal” situation in a cloud can be explained by
the Kelvin effect for unactivated droplets and by the
low growth rate of those droplets possibly activated
caused by the large size of their condensation nuclei.

The most common situation thus was that the fog
consisted of only unactivated droplets with a contin-
uous droplet size distribution. By modelling, it was
shown that a low rate of temperature decrease during
fog formation and a high aerosol mass load in relation
to the LWC of the fog result is such a fog. Also age-
ing of the fog tends to produce a fog without activated
droplets from a fog which initially contained acti-
vated droplets, by redistribution of the fog water from
the activated droplets to larger unactivated droplets.
The effect of the aerosol mass load was found to be
particularly influential. These measurements of fog
characteristics were undertaken in a polluted area in
Northern Italy. Bearing in mind the very strong in-
fluence of the aerosol mass load on the fog it can be
expected that fogs formed in an area with a lower
aerosol burden might exhibit a significantly different
microstructure. Hence, the results presented here rep-
resent a case of fog formation and development in a
polluted region.
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