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a b s t r a c t

The paper describes a method of assessing the size distribution of fog droplets in a cloud chamber, based
on measuring the time variation of the transmission of a light beam during the gravitational settling of
droplets. Using a model of light extinction by floating spherical particles, the size distribution of droplets
is retrieved, along with characteristic structural parameters of the fog (total droplet concentration, liquid
water content and effective radius). Moreover, the time variation of the effective radius can be readily
extracted from the model. The errors of the method are also estimated and fall within acceptable limits.
The method proves sensitive enough to resolve various modes in the droplet distribution and to point
out changes in the distribution due to diverse types of aerosol present in the chamber or to the thermal
condition of the fog. It is speculated that the method can be further simplified to reach an in-situ version
for real-time field measurements.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Droplet suspension is one of the most important components
of the atmosphere. Whether grouped at high altitudes (as clouds)
or close to the ground level (as fog), the properties of such liquid
suspensions have dramatic implications on the atmospheric con-
ditions and, more generally, on the environment. Knowing the
optical and microphysical properties of clouds and fogs proves
crucial both in operational weather forecasting and in climatolo-
gical analyses (Intergovernmental Panel on Climate Change, 2007).
For example, it is now a widely accepted fact that atmospheric
aerosols strongly influence the formation and the properties of
clouds (Haywood and Boucher, 2000; Lohmann and Feichter,
2005). For this reason, much effort has been made for studying
cloud droplets from the point of view of their sizes (Borrmann
et al., 1994; Korolev et al., 1999; Miles et al., 2000; Mayer et al.,
2004; Lasher-Trapp et al., 2005; Ramirez-Beltran et al., 2009;
Alexandrov et al., 2012). Also, combining the knowledge of
dimensional parameters with various information on cloud dro-
plet concentrations (Meskhidze et al., 2005; Fountoukis et al.,
2007; Pinsky et al., 2012) allows clarifying the droplet growth
mechanisms and provides both useful forecasting tools and para-
meterization data for cloud microphysics that enters various
climate models.

Equally important is the study of droplet size distributions for
characterizing various types of fog. The haze and fog analysis aims
of providing data necessary to model quantitatively their struc-
tural, dynamic and microphysical characteristics in order to obtain
reliable forecasts (Alpert and Feit, 1990). Haze and fog predictions
may significantly impact on health, commercial, industrial and
military aspects in the modern society. As the size distribution of
droplets in a fog is an essential aspect of such liquid suspensions in
the atmosphere, various methods, both experimental (Jiusto, 1964;
Rinehart, 1969) and theoretical (Tampieri and Tomasi, 1976) have
been developed quite long ago. More recent approaches to this
problem have led to significant increase of accuracy (Elias et al.,
2009; Okuda et al., 2009). Moreover, when satellite imagery is
combined with theoretical models, fog detection becomes possible
over much wider areas (Cermak and Bendix, 2011). As in the case
of clouds, the properties of the local atmospheric aerosol prove to
be essential for establishing a given size distribution of droplets in
the emerging fog (Pant et al., 2010; Yasmeen et al., 2012).

One of the basic tools used in studying both the formation and
evolution of clouds and fogs is the so-called cloud chamber.
Starting with the first applications as detectors for charged
particles (Das Gupta and Ghosh, 1946) the use of these instru-
ments has been extended towards meteorological studies, for
which various dimensions and experimental capabilities have
been designed and reported in the literature (Gollub et al., 1973;
Frick et al., 1992; Khlystov et al., 1996; Wagner et al., 2011). Also,
for the determination of the size spectrum of droplets formed
in cloud chambers, a broad variety of methods have been used.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jastp

Journal of Atmospheric and Solar-Terrestrial Physics

1364-6826/$ - see front matter & 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jastp.2013.12.018

n Corresponding author.
E-mail address: vfilip@gmail.com (V. Filip).

Journal of Atmospheric and Solar-Terrestrial Physics 109 (2014) 29–36

www.sciencedirect.com/science/journal/13646826
www.elsevier.com/locate/jastp
http://dx.doi.org/10.1016/j.jastp.2013.12.018
http://dx.doi.org/10.1016/j.jastp.2013.12.018
http://dx.doi.org/10.1016/j.jastp.2013.12.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jastp.2013.12.018&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jastp.2013.12.018&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jastp.2013.12.018&domain=pdf
mailto:vfilip@gmail.com
http://dx.doi.org/10.1016/j.jastp.2013.12.018


The most efficient of these methods are obviously the optical-based
ones, which analyze the effects of light scattering on the suspen-
sion of liquid particles in the chamber. Thus, they range from
resolving the spectra of the size-dependent Doppler shifts of the
scattered light due to the gravitational settling of droplets (Gollub
et al., 1974) to inversion procedures of optical depth data (Hoppel
et al., 1994; Arnott et al., 1997). It is worth mentioning here the
ingenious and effective method of relating the extinction of a light
beam, propagating through a droplet suspension, to the corre-
sponding liquid water content (Chýlek, 1978). More precisely, the
method relies on the quasi-linear behavior of the light0s efficiency
for extinction in the region of small values of the size parameter of
droplets, which occurs for wavelengths in the infrared range.

The present paper describes a method for estimating the size
spectrum of artificial fog, which is essentially based on the
correlation between the droplet size distribution and the extinc-
tion of a light beam propagating through the cloud chamber.
More precisely, the focus is shifted on the transient regime
following the fog formation, due to the gravitational settling of
droplets. By analyzing the corresponding time dependence of the
light extinction during the gradual fall of the droplets (whose
speeds are size-dependent), one may resolve their various dimen-
sional concentrations and thus may construct the whole size
distribution of fog0s particles. While the method is very simple
and robust by allowing rapid evaluations of the droplet distribu-
tions, it also proves sensitive enough to resolve bi-modal size
spectra with good accuracy and to distinguish the influence of
various types of aerosol serving as condensation nuclei. Moreover,
the procedure has a clear potential of being simplified to an in-situ
version suitable for various field evaluations of fog and cloud
droplet size distributions.

The principle of the method and its main assumptions are
detailed in the next section and the experimental setup is further
described in Section 3. The various sources of errors and their
quantitative evaluation are discussed in Section 4. In order to
exemplify both the robustness and the sensitivity of the proposed
procedure, some sample results are presented in Section 5. The
analysis is finally summarized in Section 6, which is dedicated to
concluding remarks.

2. Principle of the method

The extinction of a narrow beam of monochromatic light
traveling through a polydisperse medium containing is given by
the following expression (Liou, 2002):

IðλÞ ¼ I0ðλÞe� τðλÞ; ð1Þ
where I and I0 are, respectively, the measured and the emitted
values of the light intensity and τ(λ) is the wavelength-dependent
optical depth (OD) of the medium. When this medium contains a
suspension of dielectric particles, OD can be expressed as the sum
of their individual contributions to the extinction. This can be
achieved by integrating the individual particles0 extinction cross-
sections over the size distribution assumed in the given polydis-
perse medium (Liou, 2002):

τðλÞ ¼
Z rm

0
πr2Qext

2πr
λ

;m
� �

NðrÞdr; ð2Þ

where Qext is the extinction efficiency factor (depending on the
size parameter 2πr=λ and on the complex refraction index, m, of
the individual particles) and N(r)dr is the number of particles of
radii between r and rþdr to be found in the unit cross-sectional
area of the light beam over the whole length L of its geometric
path through the medium. The quantity rm defines the upper limit
of the range of particles0 radii. The extinction efficiency factor is

given approximately by the theory of Mie which describes the
scattering of electromagnetic radiation by dielectric spheres. It is
strongly dependent on the relative weight of the light absorption
in the target particle, which is roughly quantified by the imaginary
part of the complex refraction index.

In cloud chamber experiments, one of the main parameters of
interest is the volumetric distribution of droplets, n(r), which is
considered as position independent (an assumption that further
implies an even spatial distribution of nucleation centers). This
quantity is defined by writing the number of particles of radii
between r and rþdr to be found in the unit volume as n(r)dr. To
switch between the two forms of particle size distribution, one may
note that SN(r)dr is the number of particles of radii between r and
rþdr to be found in the whole volume L � S, which is lighted by the
beam (S is the cross-sectional area of the light beam and L is its
length across the fog, as can be seen in Fig. 1). It readily follows that
NðrÞ ¼ LnðrÞ. Therefore, the OD expression of Eq. (2) changes to:

τðλÞ ¼ L
Z rm

0
πr2Qext

2πr
λ

;m
� �

nðrÞdr: ð3Þ

For the normal range of cloud droplets radii and for the
wavelength of the light in the beam, which is in the red part of
the spectrum, the significant values of the size parameter to
appear in Eq. (3) are of the order of 100, thus making the efficiency
factor very close to its geometrical optics limit of 2 (Liou, 2002).
Therefore, Eq. (3) can be safely simplified to:

τ¼ 2πL
Z rm

0
r2nðrÞdr: ð4Þ

In this approximate form, OD clearly becomes independent of
the wavelength.

Once the fog droplets are formed in the chamber, they begin
gravitational fall. In a real situation, the settling of droplets is
always perturbed by various convection flows. As such motions
may be very complicated and are essentially random, they will not
be taken into account in the present model. More precisely, it will
be assumed that the fog0s environment is perfectly quiescent.
Even under the hypothesis of a convection-free atmosphere, the
fall of a droplet may still be perturbed by its possible encounters
with particles below (sedimentation effects). The main hypothesis
on which the present method is founded is that each falling
droplet will have no interactions with its neighbors. This assump-
tion is obviously consistent only with low-to-moderate fog
densities. In such situations, a combination of Archimedes0 force
and fluid (Stokes) friction with the surrounding air quickly
makes a droplet of radius r to fall with the constant limit speed
υðrÞ ¼ ð2g=9ηÞðρ�ρaÞr2, where ρ and ρa are the densities of the
liquid material of the droplet and that of the surrounding air, g is
the free fall acceleration and η is the viscosity of the air at the
corresponding temperature. The time needed for a droplet of
radius r to fall over the distance h (see Fig. 1) will be then:

tðrÞ ¼ 9η
2g

h
ρ�ρa

r�2: ð5Þ

Under the same hypothesis of low-to-moderate fog densities it
may be assumed that a falling droplet will not attach smaller

Fig. 1. Schematic view of the cloud chamber with geometrical parameters used in
the text.
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droplets on its way down. Therefore, no droplet coalescence and/or
coagulation processes are accounted for in this model. Thus, the
droplets are imagined as continuously and independently falling,
from the positions where they were initially formed, towards the
bottom of the chamber.

Once the fog is established in this space, the size distribution of
the droplets in the volume of the light beam will remain
unchanged until the all the biggest droplets arrive below its line.
After this stage, the size distribution in the lighted volume will
change continuously due to the gradual decrease of the upper
limit of the radii of droplets which are still present in this volume
(one should remember that the fall of smaller particles is much
slower). Consequently, the upper limit of the integral of Eq. (4) will
be time-dependent: rm(t) and the OD will monotonically decrease
with time. Thus, the signal measured by the light sensor will reach
first a minimum (corresponding to the moment when the fog
initiates and is at its highest density) followed by a steady increase
in time due to the selective fall of droplets. Thus, it can be seen
that I and τ from Eqs. (1) and (4) are time-dependent quantities.
Also, one may drop their wavelength dependence. Therefore, in
principle, by measuring the time variation of the sensor signal I(t),
and by combining Eqs. (1) and (4), one may obtain an equation for
the volumetric size distribution n(r):

2πL
Z rmðtÞ

0
r2nðrÞdr ¼ � ln

IðtÞ
I0

:

By taking into account that the time-dependence of the left
hand side intervenes only in the upper limit of the integral, one
can find much easier to solve for the droplet size distribution by
simply differentiating both terms of the preceding equation with
respect to time:

2πLr0mðtÞr2mnðrmðtÞÞ ¼ � I0ðtÞ
IðtÞ :

Further, by denoting r� rm(t) and by using Eq. (5), one may
easily eliminate the time from this equation:

2πLr2nðrÞ ¼ � 1
IðrÞ

dIðrÞ
dr

;

where I(r) can be obtained by replacing t with r from Eq. (5) in the
experimental dependence I(t). One is therefore led to the following
result:

nðrÞ ¼ � 1
2πL

1
r2

1
IðrÞ

dIðrÞ
dr

� �
: ð6Þ

In practice, after measuring the numerical dependence I(t) for a
certain sequence of moments, one should use the inverse of Eq. (5)
to ascribe to each moment t a certain value of r. Then, the
numerically defined curve I(r) must be differentiated and replaced
in Eq. (6) to obtain the size distribution of fog droplets.

By inverting Eq. (5), one can easily obtain the time-dependence
of the upper limit of the radii of the ensemble of droplets in the
chamber:

rmðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9η
2g

h
ρ�ρa

s
t�1: ð7Þ

Consequently, the effective radius of the ensemble of droplets
can be easily found as a function of time:

ref f ðtÞ ¼
R rmðtÞ
0 r3nðrÞdrR rmðtÞ
0 r2nðrÞdr

; ð8Þ

which should clearly have a decreasing trend. To find the effective
radius of the original fog, one should simply compute reff(t¼0).

In addition to the effective radius, important parameters of the
initial fog, like the total number of droplets per unit volume (Ntot)
and the liquid water content (LWC) can be readily determined.

The total volume density of droplets results from the integration of
the volumetric size distribution n(r) over the whole range of radii
at t¼0. As for the LWC, it can be estimated by integrating
volumetric mass distribution, ð4π=3Þρr3nðrÞ, over the same range
of r. In doing this evaluation, one obviously neglects the mass of
the non-liquid content of droplets.

3. Practical realization of the method

The previously described method has been implemented at the
Cloud Chamber Facility of the Faculty of Physics of the University of
Bucharest. This chamber is shaped as a steel cylinder of 25 cm in
diameter (Fig. 2). Several lateral windows, which can be tightly sealed,
offer both visual and mechanical access into the operating chamber.
The light source and the light sensor are mounted at the centers
of the two opposite bases of the cylindrical chamber. They are a
4.5W/635 nm laser diode and a 350–1100 nm photodiode, respec-
tively. The measured output voltage of the photodiode was recorded
on a computer through a DATAQ Instruments acquisition module.

The pressure inside the chamber can be controlled by an external
pump. Fog droplets can be generated by bringing the internal vapor to
the saturation temperature through rapid (quasi-adiabatic) expan-
sions. Thus, the control of the temperature at which the fog is initiated
is realized by the variation of the pressure inside the chamber. To
evaluate the fog temperature, Tfog, one may approximately use the
equation for the adiabatic expansion of a perfect gas.

Various types of aerosol can be injected into the chamber prior
to the fog-generating compression-expansion procedure. This
allows a systematic study of the influence of aerosol properties
on the size distribution of the fog droplets. To ensure a good
uniformity of aerosol spread in the chamber, the injection has
been performed trough several windows and using flexible hoses.

The phase of fog generation through rapid expansion actually
makes the experimental device quite clumsy and usable only in
laboratory conditions. However, the method can be readily simplified
for field operation by using the same optical laser–photodiode system
in a smaller opaque box, with a system for collecting samples of fog
(e.g. by using mobile walls). The captured samples of fog can be then
processed similarly to those produced by quasi-adiabatic expansions.

4. Error evaluation

Three main sources errors have been identified in the cloud
chamber experiments. Firstly, a systematic error comes from

Fig. 2. General view of the cloud chamber facility used for the experiments
described in this work.
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neglecting the coalescence and/or coagulation processes that may
occur during the droplet fall. As a consequence, the initial droplet
appears oversized when it enters the volume lighted by the laser
beam. To assess the amount with which the particle0s size is over-
evaluated from its original radius r, one should account for all the
smaller droplets which are present in the volume πr2H, which it
sweeps during the fall. Thus, the total volume of liquid acquired by
“capturing” the droplets with radii smaller than r may be written
as:

ΔVðrÞ ¼ 4π2

3
Hr2

Z r

0
r03nðr0Þdr0:

Clearly, in writing the preceding relation, it was considered the
“worst” situation in which all droplets coming across the bigger
one (which falls faster), are “intercepted”. In fact, it may be
expected that some encounters do not result in coagulation
processes and this extreme assumption should only provide the
related maximum absolute error in n(r). By making such hypoth-
esis, it follows that the measured radius of the droplet should be
overestimated approximately by:

δðrÞ ¼ r3þ 3
4π

ΔVðrÞ
� �1

3

�r¼ r 1þπH
r

Z r

0
r03nðr0Þdr0

� �1
3

�1

" #
:

By assuming that the term containing the integral is small with
respect the unity, one gets a more compact form of the systematic
error induced in the droplet radii:

δðrÞffiπH
3

Z r

0
r03nðr0Þdr0: ð9Þ

Note that, being an error originating in the method, the values
obtained from Eq. (9) are always positives. To obtain the real size
distribution of the initial system of droplets, one should therefore
shift downwards the r scale with the inhomogeneous measure δ
(r). Alternatively, one should compute n(r�δ(r)) instead of n(r).
Therefore, the error induced in the size distribution by over-
estimating the droplets radii could be approximated by:

δ1ðnÞ ¼ nðr�δðrÞÞ�nðrÞffi�dn
dr
δðrÞ: ð10Þ

The second important source of errors in determining the size
distribution of the fog droplets by the proposed method comes
from the electronic noise induced in the measurement chain by
various external electric/optical influences. This noise can be
clearly evidenced when measuring the “dark voltage” of the
photodiode. For the process of numerical differentiation (needed
in evaluating Eq. (6)), such noise has obviously a devastating effect.
In order to allow further analysis of the results, a smoothing
procedure of the raw numerical data is necessary. By “raw
numerical data” it is meant here the time sequence of the
measured voltage on the photodiode, from which a similar time
sequence of the dark voltage values is subtracted. Data smoothing
routines replace raw data points in a certain interval (window) by
an average value. Both the window size and the type of “local”
averaging should be chosen in such a way that the resulting curve
is both smoothed enough and retains the meaningful features of
the original sequence of data. Obviously, errors may occur in this
process which may distort the optimum smoothing procedure. We
assess that the overall errors emerging in this way is of the order
of the standard deviation of the photodiode0s “dark voltage” from
its average value. More precisely, denoting by U the raw sequence
of voltages on the photodiode, the corresponding light intensity
values should be expressed as I¼ αU, where α is a specific
constant. Then, if Udark is the sequence of values corresponding
to the “dark voltage” and sðUdarkÞ is its standard deviation, the

noise contribution in the absolute error of I will be estimated as:

δðIÞffiαsðUdarkÞ: ð11Þ
Moreover, using Eq. (6), the absolute error in n due only to the

noise, δ2(n), can be expressed in the following way:

δ2ðnÞ ¼ � 1
2πL

1
r2

δ
d
dr

ln
IðrÞ
I0

� �� �
:

As the variation operator δ is not related here with variations
of the radius, it commutes with the differentiation and using
Eq. (11), gives:

δ2ðnÞ ¼ � 1
2πL

1
r2

d
dr
δðIÞ
IðrÞ

� �
¼ � 1

2πL
1
r2

d
dr
sðUdarkÞ
UðrÞ

� �
:

here, it should be remembered that U is time-dependent and that
it can be switched to an r-dependent function through Eq. (5).
Therefore, as sðUdarkÞ is constant, one can readily get:

δ2ðnÞ
�� ��¼ nðrÞsðUdarkÞ

UðrÞ : ð12Þ

Eq. (12) shows that the noise-generated errors in the size
distribution are larger for higher values of r. This part of the
distribution can be correlated with the initial stages of gravita-
tional deposition of droplets, when the extinction is more efficient
due to the abundant presence of large droplets in the chamber and
when the signal U of the photodiode is inherently dimmer. The
uncertainties embedded in Eq. (12) may even become overwhelm-
ing if the initial fog is too thick, so that the corresponding
(smoothed) values of U are close to zero. In such cases, the
large-droplet part of the size distribution is obviously unusable.
To avoid such situations, one should start with relatively thinner
fogs or, alternatively, one might use a cloud chamber with a
shorter distance between the laser and the light sensor, so that the
extinction of the beam is not too strong. The errors expressed by
Eq. (12) act symmetrically in the values of the size distribution, so
that its corresponding tolerance interval is ½n�jδ2ðnÞj;nþjδ2ðnÞj�.

It should be stressed at this point that the origin of the noise
leading to the imprecision δ2(n) lies solely in the random electric
fluctuations along the measurement chain. As such, the time-
dependent electric noise is connected to the r-dependent one of
the beam intensity at the photodiode through Eq. (11) and not
through Eq. (5). The relation expressed by Eq. (5) is valid only for a
“smoothed” situation, where a certain value of the photodiode
voltage can be related to a precise value of the beam intensity. The
switching of U from a time-dependent function to an r-dependent
one, as well as the associated differentiations involved in obtaining
Eq. (12), are understood as subsequent processes to the smoothing
procedure. However, it may be suspected that a certain component
of the total noise could originate in the fluctuation of the total
number of droplets of a certain size which intersect the laser beam
at a various moments. Such fluctuations would be quite large if this
number is too small and could be assimilated as a shot noise. In this
case, the time variations of the output photodiode signal would
follow the r-variation of the beam intensity through Eq. (5) and
serious precision problems would occur for diluted fogs. Never-
theless, as it will become clear from the examples discussed in the
next Section, the number concentration of droplets stays above
50 cm�3 even for large values of the radius (e.g. between 9 μm and
10 μm) in the thinnest studied fogs. Knowing that the average laser
beam diameter is about 2.5 mm and that L is around 150 cm, one
can still find, on the average, several hundred large droplets in the
lighted volume. Such numbers would normally fluctuate with
around 5%, well below the effect of the electric noise.

The third source from which errors of the proposed procedure
would emerge is the combined effect of the continued nucleation
(even after the beginning of the droplets0 fall), of the cloud
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inhomogeneities and of air convections that inherently appear in
the cloud chamber after the quasi-adiabatic expansion. As stated
above, the rapid drop in pressure of the humid air in the chamber
produces a decrease in the overall temperature down to a value for
which the internal vapor becomes saturate. Immediately after that,
the nucleation begins and liquid drops are formed in the
chamber0s atmosphere. Once condensation is developing, the
system0s temperature increases again and the process comes to
an end. However, due to the non-uniform spread of the nucleation
seeds, local pockets of air may keep cooler even after the overall
condensation process ends. In such pockets condensation may still
occur and, if they appear at places along the laser beam, this effect
may temporarily enhance or, at least, may stop the extinction0s
decrease. As a consequence, slope fluctuations may appear in the
time variation of the photodiode signal, which, otherwise, should
be smoothly increasing in time after reaching the minimum
corresponding to the end of the condensation process.

While at the beginning of the fog settling inhomogeneities of
the aerosol loading play the crucial role in generating slope
fluctuations of the time variation of the photodiode0s signal, near
the end of the deposition process, fog inhomogeneities become
more obvious and may also induce slope fluctuations. Both such
spatial inhomogeneities of the droplet distribution and the
extended nucleation in local atmospheric pockets involve mainly
small size droplets and will affect the size distribution in its small
radius part. Parasitic structures may appear in this area of the
distribution. Unfortunately, the extent of such perturbations is
difficult to quantify and to cast in explicit error evaluation. One can
only limit their effect by keeping the relevant physical parameters
in the chamber (temperature, pressure, humidity and nucleation
seeds density) as uniform as possible. Consequently, the effects of
cloud inhomogeneities and of the prolonged nucleation were not
included in our error estimation, but could be used in interpreting
qualitatively various features at the low-radii portion of the size
distribution.

The perturbing effect of the convective motions of the air in the
cloud chamber is of particular concern, mainly in the first
moments after the expansion is performed. Clearly, their precise
contribution to the final results is difficult to assess within our
very simple model. One can only observe that local upward or
lateral drifts have an average effect of delay in the fog settling, thus
making the droplets appear smaller in the final evaluation of the
size distribution. However, it may be assumed that, due to the
relatively small size of the cloud chamber and to the lack of
external forces that would sustain convections (e.g. temperature
gradients), this “perturbing” motion would likely cease quickly
after expansion. Consequently, we will hypothesize that this
source of errors of the model will affect only the fog buildup stage
and, eventually, the large-radii part of the distribution which will
appear slightly underestimated. Therefore, the perturbations pro-
duced by the air motions during the droplets0 fall will act in the
opposite way to the size increase process through attaching
smaller droplets. Although no attempt will be made here to
quantify the error generated by air convections, it may be noted
that its effect would actually decrease the error δ1(n), produced by
the coalescence and/or coagulation processes.

Being the main component of the total volume density of
droplets, the LWC and the effective radius, the errors of the
volumetric size distribution decisively determines the errors in
Ntot, LWC and reff. According to the discussion above, the diagram
of n(r) should lay in the strip delimited by two extreme curves
determined by the local errors in size distribution. Denoting by
nmax(r) and nmin(r) these two extreme diagrams and byΔn(r) their
difference, the absolute error in Ntot can be evaluated as half of the
value of the integral of Δn(r) over the whole range of radii of the
droplet distribution. Similarly, the absolute error in LWC could be

approximated by integrating ð4π=3Þρr3ΔnðrÞ over the same inter-
val and taking the half of the obtained value. A slightly more
complicated issue is the evaluation of the absolute error in the
effective radius of the droplet distribution. Using well-known
error evaluating procedures (Taylor, 1997), one can readily com-
pute the maximum absolute error in reff, given by the fraction of
Eq. (8), as a function of the absolute errors of the two integrals. As
for these quantities, the same approximation as for Ntot and LWC
can be adapted: δ

R rmax
0 rknðrÞdr� 	ffi R rmax

0 rkΔnðrÞdr, where k may
take the values of 2 or 3 and by δ(x) we mean the absolute error of
the quantity x. Note that the upper limit of the integrals have
been set at the maximum value, rmax, of the droplet radii for which
the size distribution has significant values: As the error is to be
evaluated for reff(t¼0) and as rm(0) is infinite, according to
Eq. (7), one may find more practical to use rmax as the upper limit
of these integrals.

Finally, it should be stressed that, since the absolute errors of
the integrals result from the accumulation of the local imprecision
of the droplet size distribution, the resulting margins for Ntot, LWC
and reff may be quite large, in the range of 10–20% of the
corresponding absolute values.

5. Results and discussions

The method described in Section 2 has been applied for
processing data recorded in the cloud chamber data in various
conditions. The appearance of the primary signal measured at the
photodiode is illustrated in Fig. 3a by the noisy diagram taken for a
fog generated at a temperature of about 280 K, without any
aerosol injection in the chamber (that is using the background
aerosol as condensation centers). The dark voltage was already
subtracted from the photodiode data. It can be seen that various
causes, ranging from the inherent noise of the photodiode and of
the measurement chain to the density fluctuations of the gener-
ated fog produce very sharp time variations of the measured
voltage, which is therefore unsuited to be processed in this crude
form through, for example, numerical differentiation. However,
even on this primary diagram, one can clearly distinguish the
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stage of fog built-up, which produces the first rapid decrease in
the signal up to a certain minimum. At the moment when this
minimum is attaint, one may consider that the process of fog
formation was finished. Later moments mark a relatively slow
recovery (on the average) of light intensity on the photodiode,
once the fog droplets become to fall. It is this second stage of
droplets gravitational settling which is considered in the model
described above. As mentioned in Section 4, in order to process the
time variation of the photodiode signal, one should first perform a
smoothing on the primary diagram. The smoothing, which is
essentially a certain “local” averaging procedure. The smoothing
should be made carefully enough so that the main features of the
diagram are preserved. The result of a simple smoothing, using
arithmetic average over a window of ten adjacent data points, is
also shown in Fig. 3a. Such smoothened photodiode signal can be
further processed as indicated in Section 2 to obtain the droplet
size distribution. For the case illustrated in Fig. 3, the result is
shown in the panel (b) by continuous line. While the shape of the
size distribution differs fundamentally from the raw signal data,
one can correlate the two diagrams through their abscissas. More
precisely, the rightmost part of the size distribution corresponds to
the early moments of the photodiode signal and the last part of
this one generates the distribution in the small radius region. It
can thus be seen that, in the example presented in Fig. 3, there are
two major groups (modes) of relatively large droplets which fall
off in about 45 s. After them, only groups of small droplets persist
in the chamber and give rise to the late shallow oscillations in the
light transmission signal.

Also shown in Fig. 3b are the error bars computed according to
the discussion in Section 4. While for this particular case the
overall absolute error is rather small, one may notice its slightly
non-symmetric behavior due to the systematic shift produced by
the coalescence processes, which were disregarded in our model.

At this point one should remember another simplifying
hypothesis of the model which was not previously discussed,
namely that the droplet size is not changing significantly through
evaporation or condensation processes during the fall. While this
assumption is apparently quite strong, it can be justified by the
particular circumstances of the experiment: The quasi-adiabatic
expansion used to prepare the fog brings the water vapor to
saturation. Consequently, droplets start to form on various nuclea-
tion centers. After the fog is formed (that is after the smoothed
photodiode signal reaches a minimum) the combined system of
humid air, droplets and aerosols is supposed to land a quasi-
equilibrium state, where the evaporation and condensation pro-
cesses compensate, even at the local level of a single droplet.

The sample case processed in Fig. 3 may suggest that, in spite of
its various simplifying assumptions, the proposed method is
sensitive enough to reveal the eventual fine structure of the size
distribution of fog droplets, thus confirming previous results
reported in the literature (Pant et al., 2010). Also indicated on
Fig. 3b are the important fog parameters Ntot, LWC and reff.

To further probe the sensitivity of the proposed method, one
may examine the diagrams of Fig. 4, where the size distribution of
droplets was measured for four cases in which various types of
aerosol were injected in the cloud chamber prior to the fog
generation. It was expected that each kind of aerosol would induce
specific features in the droplet size distribution and that such
differences would be resolved through the discussed method.
More precisely, apart from the case with background aerosol
(Fig. 4a) which, for comparison, was imported from Fig. 3, three
more cases, where smoke (Fig. 4b), fine clay powder (Fig. 4c) and
fine salt powder (Fig. 4d) were added into the cloud chamber.
From the resulting size distributions, one may readily notice not
only large quantitative differences, but also clear variations in the
structures of these diagrams. Thus, it can be seen that, while the

smoke particles act as stimulant for the process of condensation
and produce a rather thick fog (notice the large values of Ntot and
LWC as compared to the background aerosol case), both clay and
salt particles seem to inhibit the formation of fog since the
corresponding parameters fall well below those corresponding to
the background aerosol case. On the other hand, regarding the
preferred droplets radii, clay and salt aerosol seem to lead to larger
values, a fact that also results from the comparison of the various
modes of the corresponding size distributions.

At this point it might worth to illustrate the effect of large fog
densities (and thus of very small light transmission in the early
stages of fogs) on the precision of the determinations. As pointed
out in Section 4, if the useful signal is weak, the noise may play a
relatively large role and the corresponding errors become large.
This situation appears in the case where smoke is injected in the
cloud chamber over the background aerosol (that is the case of
Fig. 4b). In Fig. 5a and b, the size droplet distributions for the
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background aerosol fog (a) and for that of the smoke-stimulated
fog (b) are shown with their absolute errors. The difference
between the determined imprecision for the two diagrams is
obvious and it is mostly manifested in the large radii area (which
is directly connected with the initial stages of fog evolution, when
the transmitted light is faint in the thick fog). However, even with
such large errors, the main modal features of the size distributions
remain visible.

It was already underlined in the preceding Section that the
local imprecisions in the determination of the size distribution of
fog droplets leads to an accumulated increase in the errors of
determination of the main fog parameters. This effect is illustrated
by comparing the resulting errors computed for Ntot, LWC and reff
in all the cases illustrated by Fig. 4. It can be seen that, in the
instance of the smoke-stimulated fog, where the local errors in n
(r) are the highest, the precisions of computing Ntot and LWC are
very poor and that reff is determined within a margin which
exceeds 150%. On the contrary, when the fog is thinner (cases c
and d), the local errors in n(r) drop significantly and the fog
parameters can be given with precisions which are even better
that those for the case with background aerosol.

As discussed in Section 2, the presented method can straight-
forwardly provide the time variation of the effective radius during
the fog0s gravitational settling. This unique feature of the method
may prove quite interesting and useful for getting a complete
picture of the fog0s dimensional structure. We illustrate it with the
four diagrams plotted in Fig. 6a–d, each corresponding to the
experimental conditions that led to the distributions of Fig. 4. As
expected, all four curves are monotonically decreasing with time,
since the deposition of larger droplets continuously leaves smaller
ones floating around and thus decreasing the effective radius of
remaining fog. However, in some cases, the decrease may not be
too smooth. More precisely, the plots of panels a, c and d show
ladder-like time variations of the effective radius. A steep decrease
in time of the effective radius could mean either a high deposition
speed (as is the case for large droplets) or a shortage of droplets
having the radius in a certain range. Thus, as expected, all
diagrams start with a steep slope corresponding to the stage of
deposition of the largest droplets. After such a steep drop, the
effective radius begins to evolve in an irregular sequence of
plateaus separated by other steep drops. One may interpret these
results in conjunction to those shown in Fig. 4 by concluding that
the fog consists of well defined modes of droplets whose radii do

not cover uniformly the available range of values. Droplets with
radii in certain intervals may be inexistent or very rare. One may
suspect that this situation is the consequence of the modal
distribution of aerosols in the preliminary atmosphere, as well as
of the droplet formation mechanism itself. More systematic
experiments may are needed in order to elucidate such aspects
of the fog evolution. The related analysis fall beyond the purpose
of the present paper and is deferred to a future report.

Finally, as discussed at the end of Section 3, one can change the
initial temperature of the fog by varying the overpressure in the
chamber. It is interesting to check, as another test, how sensitive is
the method discussed above to the overall temperature of the
initial fog. The results determined for three values (280 K, 277 K
and 274 K) of Tfog are shown in Fig. 7a–c. The three cases were
based on background aerosol and, given the not so large differ-
ences in temperature, they should present quite close size dis-
tributions of droplets. However, by processing them according to
the method described above, we were able to point out significant
differences. First, there is an overall slight shift of the distribution
towards larger radii of droplets when the fog temperature
decreases. This is visible directly on the diagrams, but also shows
up from the corresponding sequence of values for the effective
radius: 7.15 μm, 7.24 μm and 7.43 μm, respectively. Second, one
may take a look on the total numbers of droplets and LWC for the
three cases. Unlike the effective radius, those parameters (which
essentially reflect the efficiency of the condensation processes
leading to the fog formation) tend to have optimum values for the
middle of the three temperature sequence, namely for Tfog¼277 K.
At the same time, this middle temperature seems to strengthen
the production of very fine droplets with radii of 1–2 μm.

6. Concluding remarks

A sensitive and rapid method of assessing the size distribution
of fog droplets in a cloud chamber has been described. The
procedure is based on measuring the time dependence of the
transmission of a light beam through the fog as its droplets settle
gravitationally in the chamber. The electric response of the light
sensor is processed according to a light extinction model in its
geometrical approximation, by spherical dielectric particles falling
with constant speed in the gravitational field. The procedure
involves a smoothing of the raw data, numerical differentiations
and integrations and directly provides the size distribution of fog
droplets along with characteristic parameters as the total number
of droplets per unit volume, the liquid water content and the
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effective radius of the distribution. Moreover, the time variation of
the effective radius can be readily extracted from the model. Some
of these diagrams show stepwise monotonic decrease, thus con-
firming the quasi-discrete character of the size distribution. Two
types of errors were quantitatively taken into account, namely a
systematic one resulting from the simplifying model hypothesis
that droplets do not coalesce during their fall and a regular error
emerging from the noise produced in the measuring chain. Despite
the simplifying hypotheses of the underlying model, the presented
method shows enough sensitivity to resolve various modes in the
droplet distribution. Also, the method allows the observation of
the influence of various types of aerosol on the droplet size
distribution, and of the effects of the environmental temperature
on the resulting fog. While the experimental procedure was
established with a laboratory-based cloud chamber which can be
pressurized, it is strongly believed that it can be further simplified
to reach an in-situ version that could allow various real-time field
measurements.
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