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Abstract

The relative dispersion (ε) of cloud droplet size distribution, defined as the ratio be-
tween cloud droplet size distribution width (σ) and cloud droplet average radius (〈 r 〉),
is investigated using airborne measurements of warm cumulus clouds. The data is
used to study the relation of ε with microphysical and thermodynamic characteristics5

of the clouds. The results show that ε is constrained with average values in the range
of ∼0.25–0.35. It is shown that ε is not correlated with the cloud droplet concentration
or with the Liquid Water Content (LWC). However, the relative dispersion variance (re-
lated to the third moment of the droplets distribution) shows sensitivity to the droplets’
concentration and LWC, suggesting smaller ε variability in more adiabatic regions in10

the clouds. A clear criterion for the usage of the in situ airborne measurements data for
statistical moments’ calculations is suggested.

1 Introduction

The droplet size distribution is one of the key characteristic properties of clouds. The
size distribution properties are controlled by the microphysical and dynamical state of15

the cloud. Near cloud base at the first stages of droplets formation the size distribution
is determined by the supersaturation (determined by the thermodynamic conditions
and the updraft) and by the aerosol properties. At later stages of the cloud develop-
ment additional processes like collision-coalescence, rain drops sedimentation, drag-
forces effects, entrainment and mixing further modify the size distribution. Even on later20

stages of the cloud development the droplet size distribution affects the efficiency and
magnitude of the different microphysical processes and their effects on the dynamics
through drag of the falling drops with respect to the updraft, terminal velocities and the
release of latent heat.

The relative dispersion of cloud droplets (ε) is a parameter that represents the25

droplets size distribution. It is defined as the ratio between the standard deviation (σ)
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and the mean radius (〈r〉) of the distribution. Both σ and 〈r〉 are key variables as they are
used in various model schemes, like for determining the reflectivity of clouds (Hansen
and Travis, 1974; Slingo, 1989; Liu and Daum, 2000a, b; Daum and Liu, 2003) and for
calculating autoconversion processes (e.g., Liu et al., 2005, 2006a; Hsieh et al., 2009).
Often, instead of using both σ and 〈r〉, their ratio (ε) is used. It is done in atmospheric5

models spanning various scales from cloud resolving models (CRM’s) to global climate
models (GCM’s). These models are used to explore aerosol effects on clouds, such
as the first aerosol indirect effect (linking higher aerosol loading to the formation of
numerous but smaller cloud droplets and higher clouds’ reflectivity (Twomey, 1977)),
the second indirect effect (linking the increase in aerosol loading with an increase in10

cloud lifetime (Albrecht, 1989)), and convective cloud invigoration (Koren et al., 2005;
Andreae et al., 2004; Tao et al., 2012; Altaratz et al., 2014).

Considering the importance of ε, many studies have been conducted aimed at an-
alyzing the sensitivity of this parameter to the environmental conditions and to key
microphysics and thermodynamic cloud properties. The reported results are quite di-15

verse. Many studies examined the impact of various physical factors on ε in startiform
clouds (Peng and Lohmann, 2003; Rotstayn and Liu, 2003; Peng et al., 2007; Miles
et al., 2000; Martin et al., 1994; Ma et al., 2010; Lu and Seinfeld, 2006; Pawlowska
et al., 2006). Fewer studies examined it for convective clouds and some of them are
presented below. Lu et al. (2008) and Berg et al. (2011) analyzed airborne measure-20

ments of shallow cumuli and found an average ε of around 0.3. Zhao et al. (2006)
analyzed data collected in 135 flights in different environments and found ε values in
the range of 0.4 to 0.5, when the droplet concentration (Nc) was higher than 50 cm−3.
Similar results were reported by Deng et al. (2009). Martins and Silva Dias (2009) stud-
ied cumulus clouds in the Amazonian dry season and found ε values in the range from25

0.38 to 0.59.
In some of the studies the sensitivity of ε to the aerosol loading was examined. By

compiling measured data from different field studies, including warm cumulus (Cu), Liu
and Daum (2002) suggested that ε is sensitive and positively correlated with aerosol
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loading at cloud base. Subsequently, this conclusion was supported by modeling (Yum
and Hudson, 2005), observational data (McFarquhar and Heymsfield, 2001) and by
theoretical studies (Liu et al., 2006b). Other investigations using observational data
(Martins and Silva Dias, 2009; Hsieh et al., 2009) suggested a negative relationship
between ε and the aerosol loading.5

ε is influenced by other factors as well. Yum and Hudson, (2005) and Liu
et al. (2006b) studied the combined effect of updraft values and aerosol loading (as
they both determine the supersaturation values) on ε using adiabatic growth theory
of cloud droplets. These factors are influential mainly at early stages of cloud devel-
opment before collection, sedimentation, entrainment and mixing become dominant.10

The authors found an opposite effect: an increase in ε with the increase in aerosol
loading and a decrease in ε with an increase in the updraft velocity. They claimed that
more continental clouds have smaller 〈r〉 and, due to that, larger ε. The response of σ
was different between the model calculated values and observations. Namely, larger in
their model results and smaller in observations for continental clouds (Yum and Hud-15

son, 2005). Weaker updrafts were associated with larger σ, and larger 〈r〉, resulting in
lower cloud supersaturations.

The chemical composition of the aerosols is another influencing factor that should
be taken into account when studying ε. It determines the activation process and the
growth by condensation and therefore affects the spectral distribution of the drops and20

the behavior of ε (Martins and Silva Dias, 2009).
Zhao et al. (2006) and Liu et al. (2008) indicated that the so-called dispersion effect

(higher ε in high aerosol loading environment) may account at least partially for the
discrepancies between different estimations of the first indirect effect in different studies
(Feingold et al., 2003; Rosenfeld and Feingold, 2003). This effect is linked to the impact25

of ε on the calculated effective radius. The climate models that quantify the first indirect
effect must account for the influence of the cloud droplet spectrum on the effective
radius, and in cases that ε is positively correlated with the aerosol loading it can result
in larger effective radius and weaker cloud reflectivity (Slingo, 1990).
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Xie et al. (2013) studied four types of parameterizations for treating the relationship
of the droplet concentration and ε. They implemented these schemes into the Weather
Research and Forecasting (WRF) model, aiming at studying the effects of aerosol on
cloud microphysics and ground precipitation. They concluded that the Nc-ε relationship
(positive or negative change of ε with Nc) influences the autoconversion processes5

from cloud droplets to raindrops and therefore affect the response of ground precipita-
tion to the change in aerosols. This paper suggested that for positive Nc-ε relationship
the large-sized rain drops at high aerosol concentrations enhance the efficiency of the
autoconversion process and the surface precipitation. The diversity of schemes for the
relationship of Nc-ε (as shown in Fig. 1 of Xie et al., 2013) suggests that much more10

research is required to understand the physics behind the properties of ε.
Recently, Tas et al. (2012) suggested a new way to monitor the response of ε in

warm Cu clouds to the ambient conditions. In that work the cloud lifetime was divided
into three stages based on the microphysical evolution of the cloud. Using a detailed mi-
crophysical model, it was shown that the microphysical evolution of the cloud imposes15

a most significant impact on ε, while aerosol loading and dynamics play only a sec-
ondary role. Their results indicated that ε has a narrow range of around ∼ 0.25–0.35,
during the mature stage of clouds (defined as the stage when the total water mass is
around its maximum and is relatively stable). They claimed that trends in ε can be ex-
plained by the balance between the two main growth processes that dictate the droplet20

size distribution, condensation and collision-coalesce (before the initiation of significant
rain). At the mature stage the relative importance of the collision-coalescence induced
growth slowly increases, such that ε growth is relatively slow.

In this study we use detailed airborne cloud measurements carried out in 2007–2008
as part of the Cloud and Aerosol Research in Istanbul (CARI) field campaign (Teller25

et al., 2008). The aim of this campaign was to study the characteristics of the clouds’
droplet size distributions and the relation between them and other cloud properties at
different vertical levels in Cu clouds deeper than 1 km. For this study we examined
non-precipitating clouds. The convective cloud properties were measured under dif-
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ferent aerosol loadings, examining both the (more adiabatic) core of the cloud and its
boundaries that are influenced more significantly by entrainment.

2 Measurements and instrumentation

The 2007–2008 Cloud and Aerosol Research in Istanbul (CARI) was aimed at studying
cloud and precipitation characteristics as a feasibility study for cloud seeding operations5

in the area of Istanbul (Teller et al., 2008). A Piper Cheyenne II research aircraft (see
Axisa et al., 2005 for details of the aircraft) was equipped with a Droplet Measurement
Technologies (DMT) Cloud Droplet Probe (CDP) for measuring the concentration and
size distribution of cloud droplets in the radius range of 1.5–25 µm. In addition, aerosol
concentrations and size distributions in the radius range of 0.055–1.5 µm were mea-10

sured using a DMT Passive Cavity Aerosol Spectrometer Probe (PCASP, SPP200).
This work is focused on the measurements that were carried out on the 6–7 June 2008.

A frontal system passed over the area of Istanbul on the night of 6 June 2008 bringing
some rain showers to the area. The airborne measurements in 5 warm cumulus clouds
were conducted before and after the passage of the front. The upper panel of Fig. 115

shows a Moderate Resolution Imaging Spectroradiometer (MODIS) image that was
taken on 7 June 2008 above the Eastern Mediterranean region, showing the cloud
cover west of Istanbul, where the airborne measurements were carried out.

The exact time of each cloud measurement case, its abbreviation and the measured
aerosol loading are given in Table 1.20

Flight of 6 June 2008 – on this day the research aircraft conducted cloud penetrations
in two pre-frontal convective clouds that developed west of the urban area of Istanbul.
These clouds are hereafter referred to as TRK1 and TRK2 (see Fig. 1). The thickness
of the two clouds was around 2000 m with cloud base temperature of about 15 ◦C and
cloud top temperature between 0 and −2 ◦C. The warm cloud top temperature suggests25

that the clouds did not contain ice hydrometeors.
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Flight of 7 June 2008 – on this day the research aircraft conducted measurements
in three post-frontal cumulus clouds that developed west of the urban area of Istanbul.
These clouds are referred to as TRK3, TRK4 and TRK5 (see Fig. 1). The environmen-
tal conditions of clouds TRK3 and TRK4 and their physical sizes are quite similar to
TRK1 and TRK2. TRK5 was a shallower cloud of only 1000 m depth and cloud top5

temperature of 8 ◦C.
To assure statistically significant results we analyzed cloud measurements with Nc

larger than 10 cm−3, in agreement with the analysis and cloud definition of Deng
et al. (2009). Sensitivity tests revealed that the results did not change significantly by
applying other threshold values for defining the clouds’ boundaries, within the range 510

and 50 cm−3. Analyses were done for two types of regions in the clouds: (1) inner-cloud
and (2) cloud-boundary.

The more adiabatic, in-cloud dataset, required that not only the sampling point itself,
but also two neighboring sampling points (representing in total 2 s or ∼ 140 m) are all
associated with Nc higher than 10 cm−3. The cloud-boundaries were defined as those15

data intervals that met the condition of Nc > 10 cm−3 but one of its neighboring points
did not meet this criterion.

3 Results

Figure 1b shows some differences between the clouds that were investigated on 6 and
7 June. The measurements of TRK1 and TRK2 (6 June 2008) show an increase and20

then a decrease in the maximum of the total cloud droplet concentration as a function of
altitude (from a maximum of 1650 cm−3 at cloud base to 1100 cm−3 at cloud top in cloud
TRK1 and from 1400 to 700 cm−3 in cloud TRK2). The ambient aerosol concentration
in the diameter range of 0.11–3 µm below cloud base was about 1800 cm−3 in cloud
TRK1 and 900 cm−3 in cloud TRK2.25

The cloud droplet concentrations that were measured on 7 June 2008 were smaller
than those measured during 6 June, and in the majority of the penetrations were
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smaller than 1000 cm−3 (see Figs. 1 and 2). The average aerosol concentration in the
morning flight (TRK3) was 700 cm−3 while in the afternoon flights (TRK4 and TRK5)
it increased to 1000 cm−3 as a result of regeneration of the air pollution layer in the
vicinity of Istanbul after the cleaning by the rain the night before.

Figure 2 shows the average droplet size distribution as a function of height. The5

height above ground level is binned into 10 sectors and is presented as a function of
the corresponding mean droplet radius in each sector. The mean droplet radius (〈r〉)
and the standard deviation (σ) at each height bin is shown by the yellow and the green
lines, respectively. Note that due to the limitation of the measured drops size by the
cloud drop probe, CDP, the spectrum of the distribution is truncated at a radius of10

∼ 20 µm.
Such representation of the size distribution allowed us to investigate the impact of

the instrument limitation on our analysis. It revealed that in all cases except TRK3 the
upper limit cut-off droplet size was below 20 µm, implying that no droplets > 20 µm were
present. TRK3, having a lower aerosol loading (see Table 1) had a lower cloud droplet15

concentration (see Fig. 3) and a broader size distribution. Thus, although a contribution
from larger droplets is expected, it could not be included in the analysis. Such a limi-
tation suggests that calculations of moments of the size distribution might be biased in
the case of TRK3.

Figure 2 reveals additional information about the sampled clouds: (i) Cases TRK120

and TRK2 had larger droplet concentrations compared to the other clouds. In these
cases the 〈r〉 was ∼ 5–6 µm at cloud base and between 8–9 µm near the cloud top. As
case TRK3 had the lower droplet concentration, the average radius at cloud base was
6.5 µm and increased to about 8.5 µm close to the cloud top. (ii) In cases TRK4 and
TRK5 the width of the droplet size distributions decreased with altitude in the clouds.25

In general, near cloud tops there is a decrease in the droplet concentrations. (iii) TRK5
had the lowest LWC value (below 1.5 gkg−1).

As can be seen in every cloud σ and 〈r〉 changes in a similar manner as a function
of height (see the green and the yellow lines in the figure) apart from a clear deviation
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at the top of TRK3. This observation suggests that the relative dispersion values (ε =
σ/〈r〉) are constrained within the cloud. This will be examined further.

Figure 3 shows the relation of the relative dispersion with height (Fig. 3a) and with
LWC (Fig. 3b). Figure 3a presents the relative dispersion as a function of height with
the colored data points representing LWC. It shows that the average relative dispersion5

changes very little as a function of height. Figure 3b shows the relative dispersion
as a function of LWC. The colored data points represent the droplet concentrations.
The red lines represent the average value of the relative dispersion. For estimating
the average relative dispersion (red lines), the data was divided into ten bins based
on the LWC values (in Fig. 3a) or height (in Fig. 3b) and for each bin the average10

relative dispersion was calculated. While it is clearly evident from the colors of the data
points, that on the average for each flight the droplet concentration increases with LWC,
the average relative dispersion falls within an almost constant range and it does not
depend on LWC. Figure 4 is similar to Fig. 3, but it is based only on measurements in
the clouds’ boundaries. Figure 4 demonstrates that as for the inner parts of the clouds15

also in the cloud boundaries the droplet concentration increases with LWC, while the
average relative dispersion remains almost constant. Moreover, apart from differences
in the total number of data points, the results near the cloud boundary (entrainment
zones) are similar to those near the inner parts (more adiabatic). This may suggest
that inhomogeneous mixing dominated the entrainment processes under the studied20

conditions.
It can also be noted that the trend for the TRK3 case is different. A clear decrease

in ε is observed near the top of the cloud associated with higher LWC values. Such
a trend is likely to be an artifact and will be discussed in the paper’s summary.

Figure 5 presents ε as a function of 〈r〉. The presented 〈r〉 values are binned in a way25

that each point represents a different height as shown in Fig. 2. Such representation
suggests that the relative dispersion is invariant to changes in the average radius (or
to the height within the cloud), reinforcing the conclusions shown on Figs. 3 and 4.
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As a final step of the analysis we look at the total mean and variance of ε. Figure 6
shows the ε and its variance values as a function of LWC (Fig. 6a) and droplet con-
centration (Fig. 6b) using all cases except TRK3. The gray crosses represent ε values,
while the blue circles and red crosses represent the binned (number based) mean of ε
and the standard deviation of ε.5

The results show that only in cloud segments with very low LWC and low drop
concentrations (LWC<∼ 0.01 gkg−1 and Nc<∼ 5 cm−3) ε values significantly vary
(ε ∼ 0.1–1.25). For higher values of LWC and Nc the values of ε fall within a rela-
tively narrow range of values between 0.24–0.37. The convergence of ε with higher
LWC and is further investigated in Fig. S1, while its convergence with aerosol concen-10

tration and along the vertical depth of the cloud are further investigated by Figs. S2 and
S3, respectively (see Supplement). The convergence of ε with relatively higher LWC
and Nc is further reinforced in Fig. S1 while Figs. S2 and S3 further indicate that ε is
less dispersive for lower aerosol loading and within or near the cloud base. In a similar
manner, the ε variance was shown to be smaller for samples with: higher LWC, within15

or near the cloud base, and for higher aerosol loading, which again may be associated
with higher LWC and Nc.

4 Discussion and summary

Using in situ measurements of droplet size distributions of warm cumulus clouds we
investigated the properties of the droplet relative dispersion and its relation to the mi-20

crophysical properties of clouds.
The results suggest that the mean relative dispersion of such cumulus clouds does

not show any significant trend with LWC, height within the cloud, Nc, aerosol loading
and with 〈r〉. On the other hand a second order effect on the ε distribution is clearly
seen. Specifically, the variance of ε decreases significantly as the LWC and Nc in-25

crease.
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Overall the mean relative dispersion values vary between 0.24–0.37 in agreement
with previous studies which indicated that ε tends to be bounded in similar narrow
range when averaged, for instance in warm cumuli (Pandithurai et al., 2012; Berg et al.,
2011), in stratus clouds (Peng et al., 2007) and stratocumulus clouds (Pawlowska et al.,
2006). The more scattered ε values (ranging ∼ 0.1–1.25) were associated with very low5

LWC and low Nc, below threshold values of ∼ 0.01 gkg−1 and Nc ∼ 5 cm−3. In those
regions in clouds the measurement quality is low and this may be reflected as an
increase in the ε variance. Other reasons may be associated with either the stage of
cloud development or the entrainment within the cloud (Tas et al., 2012), which may
explain similar scattering in ε values for low LWC and NC values (e.g., by Pandithurai10

et al., 2012; Zhao et al., 2006; Deng et al., 2009).
Once above the threshold levels of Nc and LWC, ε showed fast convergence into

averaged values. Deng et al. (2009) and Zhao et al. (2006) also indicated convergence
of ε to a narrow range (0.4–0.5) with increasing Nc, which was associated with higher
pollution levels. Tas et al. (2012) showed that for the core of a cumulus cloud in its15

mature developing stage, and with high LWC, ε falls into a narrow range. In the present
study we also observed convergence of ε with aerosol loading which may be related
to an increase in Nc and/or LWC. This increase in number concentration could extend
the lifetime of the mature stage, as suggested by the second indirect effect (Albrecht
et al., 1989).20

How reliable are the ε estimations based on the Cloud Droplet Probe measure-
ments? To represent the ε values right, one needs a full description of the droplet size
distribution. Our measurements are limited to the radius range of 1.5–25 µm. Clearly ε
will not be represented well in cases when the tail of the size distribution exceeds 25 µm
in radius. The distribution for each cloud and vertical level is shown in Fig. 2 and it is25

evident that except for case TRK3, the concentration of droplets > 20 µm is negligible.
The relative dispersion results for the case of TRK3 tend to be smaller for higher LWC,
higher up in the cloud. As indicated above, TRK3 was the cleanest case and it proba-
bly contained larger drops that were not measured by the probe. This suggests that in
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such a case the estimation of ε might be incorrect. Specifically, the contribution of the
larger droplets is expected to be more significant for the case of larger LWC higher up
in the cloud (see case TRK3 in Fig. 2). Therefore the decrease in ε for such data points
might be an artifact due to incomplete representation of the drop size distribution that
did not include the contribution of larger drops.5

Our analysis suggests that a bias in ε due to a failure to detect the entire droplet size
distribution including the tail of large droplet may serve as a criterion for the reliability of
using measurement data for microphysical analyses. Currently we are trying to validate
this hypothesis using data from other experiments.

Based on the relatively small 〈r〉 values (see Fig. 2), the sparse population of large10

droplets (for all clouds except TRK3) and the relatively high aerosol loadings we as-
sume that the growth of the drops was dominated by the condensation process. It is
well known that growth by condensation leads to an increase in 〈r〉 but to a decrease
of the width of the size distribution (smaller σ) (e.g. Rogers and Yau, 1989). However,
the invariant nature of ε values in the present study and in some of the other studies15

suggests that additional processes occur simultaneously with the condensation. These
additional processes act to increase σ such that the ratio of σ to 〈r〉 remains relatively
constant. Such processes may include the growth of drops by collision-coalescence
or the formation of new droplets by activation of cloud condensation nuclei (CCN) (in-
creasing the number of the smaller droplets) or giant CCN (which may increase the20

number of the larger drops). Both scenarios act to broaden the droplet spectra. In this
study, we cannot determine which of these processes is more significant. Moreover,
the contribution of each of the two processes, to maintain relatively constant range of
ε may vary at different locations and stages of cloud evolution. Collection based pro-
cesses should be more important higher in the cloud and later in the cloud evolution,25

while activation of new particles should be more important near cloud base and in the
early stages of development.

Currently, autoconversion and radiation parameterizations in GCMs are based on the
estimated impact of aerosol loading on the magnitude of ε (see Sect. 1). The present
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study that analyze airplane measurements indicates that ε variance, rather than the
values of ε, depends on microphysical and thermodynamic processes. This should be
further tested under different conditions, in order to improve current parameterization
in GCMs.

Supplementary material related to this article is available online at5

http://www.atmos-chem-phys-discuss.net/14/11153/2014/
acpd-14-11153-2014-supplement.pdf.
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Table 1. Airborne measurements which were used for the present study. The table indicates for
each of the 5 airborne measurements used for the present study the flight date, aerosol loading
at the cloud base (see Sect. 3.2) and the abbreviation used for the flight in this paper.

Flight date/Flight time (LT) Aerosol loading Abbreviation
(cm−3) (0.11–3 µm)

6 Jun 2008/12:00–12:36 1800 TRK1
6 Jun 2008/12:54–13:24 900 TRK2
7 Jun 2008/06:24–07:36 700 TRK3
7 Jun 2008/13:18–13:45 800 TRK4
7 Jun 2008/14:09–14:30 1000 TRK5
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A

B

A

B

Fig. 1. (A) A MODIS image of the Eastern Mediterranean region on 7 June 2008. (B) A sum-
mary of flight profiles and cloud droplet concentration of airborne measurements that were
carried out in 6–8 June 2008 in Istanbul, Turkey. Black line shows the droplet concentration and
the colored line shows the height above ground and the temperature.
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Fig. 2. Cloud droplet size distribution as function of the height above the ground. The 612 

colored contours show the concentration (dN/dlog(D)) for each radius. The yellow 613 

and the green lines represent the average and standard deviation of the radius over 614 

the entire measurements, respectively. For the purpose of constructing the lines of the 615 

average radius and the standard deviation we divided the measurements into 10 616 

height bins and for each bin the average was calculated. 617 
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Fig. 2. Cloud droplet size distribution as function of the height above the ground. The colored
contours show the concentration (dN/dlog(D)) for each radius. The yellow and the green lines
represent the average and standard deviation of the radius over the entire measurements,
respectively. For the purpose of constructing the lines of the average radius and the standard
deviation we divided the measurements into 10 height bins and for each bin the average was
calculated.
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Fig. 3. Relative dispersion (ε) vs. the height above the ground with colors that represent the
liquid water content (A) and ε vs. the LWC with colors that represent the droplet concentration
(B) for the in cloud data points.
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A

B

Fig. 4. Relative dispersion (ε) vs. the height above the ground with colors that represent the
liquid water content (A) and ε vs. the LWC with colors that represent the droplet concentration
(B) for the cloud boundaries data points.
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B

A

Fig. 5. Relative dispersion vs. average radius. The upper panel (A) for the in cloud data and
the lower (B) for the cloud boundaries.
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 749 

Figure 6. Relative dispersion and its variance as a function of cloud water liquid 750 

content and cloud droplet number. Relative dispersion (ε), relative dispersion average 751 

(AVR(ε)) and relative dispersion variance (STD(ε)) are presented vs. LWC (panel a) 752 

and Nc (panel b). AVR(ε) and (STD(ε)) are presented as the average value of number- 753 

based 10 size bins. 754 
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 760 

Fig. 6. Relative dispersion and its variance as a function of cloud water liquid content and
cloud droplet number. Relative dispersion (ε), relative dispersion average (AVR(ε)) and relative
dispersion variance (STD(ε)) are presented vs. LWC (a) and Nc (b). AVR(ε) and (STD(ε)) are
presented as the average value of number-based 10 size bins.
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