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Abstract

A recent field campaign was conducted to measure the properties of thin, warm, con-
vective clouds forming under conditions of weak updrafts. During the campaign, short-
lived clouds (on the order of minutes) with droplets’ effective radius of 1–2 µm and
low liquid water path (∼ 500 mgm−2) were measured. These low values are puzzling,5

since in most studies an effective radius of 4 µm is reported to serve as the lower
bound for clouds. A theoretical cloud model designed to resolve the droplet-activation
process suggested conditions that favor the formation of such clouds. Here we show
that these clouds, which mark the transition from haze to cloud, are highly sensitive
to the magnitude of the initial perturbation that initiated them. We define these clouds10

as “transition-zone clouds”. The existence of such clouds poses a key challenge for
the analysis of atmospheric observations and models, since they “further smooth” the
transition from dry aerosol through haze pockets to cumulus clouds.

1 Introduction

Although extensively studied for decades, there is no clear definition of a cloud. Clouds15

are often defined by thresholds that depend on the measurement technique and ap-
plication, such as the cloud optical depth (COD) threshold when using remote-sensing
tools, or the liquid water content (LWC) threshold in cases of in-situ measurements
and cloud numerical models. Such thresholds are not robust; they have been shown to
misclassify the atmosphere and to introduce problems in analyses of both cloud and20

cloud-free regions (Koren et al., 2007; Charlson et al., 2007). On the micro-scale, the
definition of a cloud droplet is more robust, since it is based on the clear physical dis-
crimination between cloud and haze droplets, according to the Kohler theory (Kohler,
1936). A droplet that is large enough to grow spontaneously under environmental su-
persaturation is considered an activated cloud droplet. An inactivated droplet, which25

has not passed the thermodynamic barrier, is considered a haze droplet. Despite the
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absence of a clear definition for clouds, there is general agreement that a substantial
number of a cloud’s droplets are activated. For example, continental subarctic low-level
clouds have been found to contain an average fraction of activation of 47 % (with re-
spect to number size distribution), with variations between 9 % and 86 % (Komppula
et al., 2005).5

There have been many studies on the temporal evolution of haze and cloud droplets
(Mason and Chein, 1962; Mordy, 1959; Reutter et al., 2009). The presence of these two
thermodynamic states, controlled by the degree of supersaturation, suggests an inter-
esting evolution of the droplets’ size-distribution function. Whereas haze is in a stable
equilibrium, activated droplets are in an unstable equilibrium and their growth rate is10

inversely proportional to their radii. Such a diffusional growth rate dictates faster radial
growth of small vs. bigger activated droplets. It has been shown that activated droplets
in an ascending parcel reach a radius of more than 6 µm in less than 100 s, regardless
of their initial size (Mordy, 1959). Therefore, the time during which the effective radius
of the cloud droplet distribution is 1–3 µm is very short, and the likelihood of a cloud to15

obtain such an effective radius is very small. On the other hand, the differences in drop
growth rates become negligible as they grow. The growth rate of activated droplets with
radius larger than 10 µm depends mainly on the degree of supersaturation, rather than
their size (Rogers, 1979). These properties create two droplet size gathering foci. One
below the Kohler maxima that contains the haze particles, and the second one drift-20

ing toward the larger end of the spectrum of the growing activated droplets. Therefore,
since the effective radius is biased toward the larger droplets, its value will usually be
bigger than 1–3 µm. These considerations explain why a threshold radius of 4 µm is
often used as the lowest value that can represent a cloud (Kawamoto et al., 2001),
and why an effective radius in the range of 1–3 µm is considered transient, resulting25

in a small likelihood of capturing it for most cumulus clouds. These estimations agree
well with observational records of effective radii of clouds. Extensive in-situ measure-
ments (Miles et al., 2000) of global marine and continental low-level stratiform clouds
gave a mean effective radius (reff) of 9.6±2.35 µm and 5.4±2.05 µm, respectively. In

1053

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/1051/2014/acpd-14-1051-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/1051/2014/acpd-14-1051-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 1051–1071, 2014

On transition-zone
water clouds

E. Hirsch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

addition, a nearly global survey of the effective radii in marine and continental shal-
low warm clouds (Han et al., 1994) indicated mean reff values of 11.8 µm and 8.5 µm,
respectively. Nevertheless, small reff values, in the range of 3.5–5.5 µm, have been re-
ported for in-situ measurements of continental boundary layer cumulus clouds (Han
et al., 1995; Vogelmann et al., 2012). These values coincide well with the findings of5

Deng et al. (2009) who reported an average reff of 3.86 µm, with an average LWC of
0.16 gm−3, from in-situ measurements of Cu clouds in Beijing. The smallest reff values
were reported by Reid et al. (1999), who studied the properties of warm convective
clouds in Brazil by in-situ measurements, and documented reff readings of 2 µm in
a highly polluted environment. In addition, they provided a mathematical connection10

between the reff and the LWC which could explain 70 % of the variance in the mea-
sured data. Furthermore, in another study, a relationship between the liquid water path
(LWP) and the reff of a cloud was found (Liu et al., 2003), suggesting that a small reff is
positively correlated with small LWP.

During the eastern Mediterranean summer, it is typical to find stagnant atmospheric15

conditions, with a moist boundary layer and a near-neutral lapse rate that is bounded
by an inversion layer. It was recently shown that small clouds forming under such condi-
tions are characterized by a cloud base that is located a few hundred meters below the
lifting condensation level (LCL) (Hirsch et al., 2013). In fact, in many cases, comparing
the height of the LCL to the specific atmospheric profile predicted no cloud formation20

(LCL located above a strong inversion for example). It was suggested that these small
clouds are the result of perturbations in relative humidity (RH) that drive parcel eleva-
tion at the mixing layer, rather than perturbations in temperature near the surface.

In this study, we focus on the very small end of the size distribution of convective
clouds. During a recent field campaign (see next section for further details), we mea-25

sured many short-lived Cu clouds (see an example in Fig. 1) that were characterized by
very small reff values. Our study raises several questions: are these clouds? According
to which definition can we identify them as clouds (remote sensing, modeling, micro-
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physical)? Using theoretical cloud equations together with observations, we study the
properties of this unique subset of clouds.

2 Methods

A field campaign was conducted during the summer (June–August) of 2011 in Israel,
focusing on the microphysical and optical properties of thin, warm convective clouds.5

The cloud properties were retrieved using a novel ground-based hyperspectral tech-
nique (Hirsch et al., 2012) which was developed to retrieve the optical (COD) and
microphysical (reff, LWP) properties of thin, warm clouds. The method was specifically
designed to retrieve the properties of thin clouds and it relies on three elements: de-
tailed radiative-transfer calculations in the longwave-IR regime, signal enhancement by10

subtraction of a clear sky reference, and a spectral matching method that exploits fine
spectral differences between water droplets of different radii. The sensors were pointed
to the zenith and the measurements were conducted at a rate of 0.5 Hz, thus the COD,
reff and LWP were derived every 2 s.

The cloud-base height was measured by ceilometer at the Israeli Meteorologi-15

cal Service’s (IMS) Beit-Dagan station, which is located approximately 10 km away
from the cloud-measurement system. The IMS also measures atmospheric condi-
tions twice a day by releasing a radiosonde from the Beit-Dagan station (at 0:00 UTC
and 12:00 UTC). The data were downloaded from the University of Wyoming website
(Website: atmospheric sounding). The radiosonde provides information on tempera-20

ture, pressure, humidity, and horizontal wind speed profiles from the surface to the end
of the troposphere. As explained later, the daily 12:00 UTC atmospheric profiles were
used as input for the theoretical cloud model and to calculate the expected cloud-base
height.

To examine the atmospheric conditions under which such clouds can form, a the-25

oretical cloud model was developed. We used the basic cloud physics equations to
investigate air-parcel evolution under weak updraft conditions, below a thermal inver-
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sion (see Hirsch et al. (2013) for a comprehensive description of the parcel model).
The droplet reff and supersaturation within the parcel, as well as the cloud’s updraft
and LWC were calculated for a range of initial conditions. The 24 dry aerosol size dis-
tributions used in the model were measured in situ in Europe and in the Mediterranean
(Asmi et al., 2011), and the aerosols were assumed to be ammonium sulfate.5

3 Results

Here we present a detailed case study of one day in the field campaign (30 June 2011,
see the tephigram in Appendix A, Fig. A1). Analysis of the cloud measurements from
that day revealed many short-lived clouds with uncommonly small reff. An example of
one specific cloud is presented in Fig. 1. The cloud appears ordinary to the naked eye,10

and it has a short lifetime of only 6 min. Use of the retrieval method revealed the COD,
LWP and reff as the cloud passed above the sensors in the zenith. The temporal aver-
age reff of the cloud (as it passed in the zenith) was 1.24 µm (with standard deviation of
σ = 0.2 µm), the average LWP was 0.13 gm−2 (σ = 0.14 gm−2), and the average COD
at 550 nm was 9.15 (σ = 11.3). The data collected on this day showed many more15

clouds with similar characteristics. Most of the reff readings during noontime of that day
were smaller than 2 µm (Fig. 2) and the clouds had a relatively short lifetime (several
minutes at most).

Based on the sounding data from the Beit-Dagan meteorological station measured
on 30 June 2011 at 12:00 UTC (15:00 LT), we simulated the formation of thin warm20

clouds on that day. A wide range of RH perturbations and initial vertical locations were
used (presented in more detail further on). Figure 3 shows an example of one simu-
lation of the formation of a small, warm cloud. To initiate the cloud formation we used
a RH perturbation of 11 % above ambient RH (68 %), at a height of 550 m. The ini-
tial updraft of the parcel was set to zero, and its temperature was equal to the am-25

bient temperature at that level (20.1 ◦C). Examination of Fig. 3 reveals that the par-
cel rose ∼ 475 m and reached a low supersaturation of ∼ 0.2 %, along with a LWC of

1056

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/1051/2014/acpd-14-1051-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/1051/2014/acpd-14-1051-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 1051–1071, 2014

On transition-zone
water clouds

E. Hirsch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.15 mgm−3. The maximal reff of the droplets was 1.95 µm, while the parcel drifted up
with a weak updraft (average of 86 cms−1), reaching a maximal value of 128 cms−1 for
a very short time (see Fig. 3). It is interesting to note the time lag between the maximal
updraft and maximal LWC. At the stage of maximal updraft, the parcel contains only
haze droplets, none of its droplets are activated and it is subvisual to the naked eye.5

When the parcel reaches its maximal LWC (and supersaturation), the updraft is com-
pletely exhausted, it turns into a downdraft and the cloud is already in the dissipation
stage.

The dependency of the cloud’s properties on the initial RH of the parcel was ex-
amined and the results are presented in Fig. 4. The ambient RH was 68 % and the10

perturbations ranged between 7 and 17 %. Every point in the figure represents the
results of a complete simulation, similar to the one presented in Fig. 3. The maxi-
mal reff (blue), maximal RH (red), and maximal LWC (black) of the forming clouds
were plotted against the initial RH of the parcel. To emphasize the dependency of the
maximal reff on initial RH, we plotted the derivative of the blue line (reff, max) against15

RHinit (d(reff, max)/d(RHinit), in green). We defined the cases with d(reff, max)/d(RHinit)

> 2 µm %−1 as “transition-zone” clouds (marked with vertical magenta lines). The clear
and narrow transition zone seen in all of the graphs (reff, RH and LWC) implies that
these clouds are highly sensitive to the initial conditions of the parcel. Furthermore, it
reinforces the common assumption of a minimal reff of 4 µm for clouds, located well20

beyond the transition zone.
Although the marked region appears small, it does not necessarily represent the

likelihood of such conditions in nature; in fact, it represents a wide range of possi-
ble values. The range of the maximal reff is from 0.43 to 2.67 µm, while the range of
the maximal LWC is between 0.1 and 14.1 mgm−3. In addition, maximal supersatura-25

tion ranges between 0.07 and 0.31 %, whereas the average updraft is approximately
constant at 0.86 ms−1. Furthermore, it is possible to define a criterion for the cloud’s
lifetime. For every simulated cloud, we defined its lifetime as the period during which
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the reff exceeds 0.5 µm. Using this definition, the range of possible lifetimes spans up
to 1.4 min.

Further examination of the model results for a range of different initial vertical lo-
cations of the parcel and initial RH values, revealed a range of possible values for the
microphysical properties and lifetimes of the formed clouds. In every panel in Fig. 5, the5

temperature (blue) and RH (red) profiles are plotted along with the ceilometer measure-
ment of cloud-base height (horizontal blue line) and the theoretical LCLs (horizontal
cyan and magenta lines). One of the LCL calculations was based on a ground-level as-
cending parcel and the other on a parcel with average properties of the lowest 500 m.
First, we note that the measured cloud base is ∼ 500 m below the LCL. This phe-10

nomenon has been reported by Hirsch et al. (2013), and it suggests that such clouds
must be a result of RH perturbations in the mixing layer. Figure 5a supports this hy-
pothesis: the lower symbol of every pair of symbols represents both the initial height
of the parcel and the size of the smallest RH perturbation that created a cloud (deter-
mined by a threshold of RH> 100 %). The higher symbol of every pair represents the15

simulated cloud-base height. The figure presents only cases which resulted in cloud-
base heights similar to the measured height (initial heights between 250 and 750 m).
Figure 5b–f presents the possible values of maximal reff, maximal LWC, maximal super-
saturation, lifetime, and average updraft, respectively. The colored region corresponds
to the value of the simulated parameter. The position of the colored region on the graph20

represents the initial height of the parcel and the magnitude of the RH perturbation.
By analyzing the results presented in Fig. 5 and following the definition of transition-

zone clouds, it is possible to calculate the possible supersaturation, LWC and reff val-
ues of those clouds, while considering different heights from which the parcel might
have started to ascend. The maximal reff varies between 0.41 and 2.69 µm, while the25

maximal LWC ranges between 0.09 and 16.8 mgm−3. The maximal supersaturation
varies between 0.05 and 0.33 % and the average updraft ranges between 0.62 and
1.15 ms−1. When considering the possible initial heights of the parcel, the lifetime of
the transition-zone clouds may reach 13.5 min, but it is often much shorter.
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How sensitive are these results to the aerosol model? To study the effect of dry
aerosol size distribution on the properties of the forming clouds, we used 24 types
of dry aerosol size distributions that had been measured in situ in Europe and the
Mediterranean region (Asmi et al., 2011). Figure 6 demonstrates that the phenomenon
of transition-zone clouds is independent of the dry aerosol size distribution, although5

the microphysical properties (LWC, supersaturation, reff) of the forming clouds are af-
fected. Fig. 6 presents a group of curves representing the results of 3.192 different
simulations for 24 types of dry aerosol size distributions (every distribution with 133
different initial RH perturbations). The maximal reff of the droplets is presented vs. the
maximal LWC in the cloud. All parcels were initiated at a height of 550 m, while every10

point on the curves represents a full simulation, similar to the one presented in Fig. 3,
for a different initial dry aerosol size distribution and different initial RH perturbation.
An examination of the curves shows the regime in this phase space, dominated by
“transition-zone” clouds. This regime is determined based on the presented criterion
for recognizing the zone of sharp change in cloud properties as a function of the ini-15

tial RH perturbation for similar dry aerosol distribution simulations (see explanation of
Fig. 4). In a subsaturated air parcel, haze develops with a submicron reff (shaded yel-
low region). On the other hand, initial perturbation with relatively high RH compared
to the environment (shaded blue region) can produce more developed clouds that are
characterized by larger reff and higher LWC. In the intermediate zone (shaded magenta20

region), transition-zone clouds are formed, namely clouds that are transitional between
haze and Cu clouds. They are, by definition, highly sensitive to the initial RH pertur-
bation. When considering the wide range of possible dry aerosol size distributions, the
maximal reff may vary between 1.5 and 6 µm, while the maximal LWC ranges between
0.01 and 73 mgm−3. The supersaturation can be as high as 0.6 %, while the average25

updraft is almost unaffected by the aerosol size distribution (range of 0.85–0.87 ms−1).
Obviously, the occurrence of transition-zone clouds is not restricted to the eastern

Mediterranean region. Similar atmospheric conditions are quite common during the
summer in other locations around the globe (specifically coastal areas along the sub-
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tropical belt, see Fig. 7 and discussion in Hirsch et al., 2013), in which a persistent
synoptic-scale subsidence exists. In such places, it is common to see small (on the
scale of 100 m) cumulus clouds that form and dissipate within a few minutes.

4 Summary and discussion

In this study, we focused on a cloud regime that is usually overlooked. Observational5

evidence for warm clouds with small reff, small LWP, and a short lifetime were found
during a field campaign. These observations initiated a detailed analysis using a bin
microphysics cloud model to study the microphysical properties of small, short-lived
convective clouds that form as a result of RH perturbations which can drive weak up-
drafts in a humid boundary layer bounded by a thermal inversion. The model predicts10

that under such conditions, a special subset of clouds with unique microphysical prop-
erties can form. Such clouds are defined here as transition-zone clouds because their
thermodynamic state is in the transition between haze and cumulus clouds. They are
highly sensitive to the initial perturbation, and they are characterized by a reff <∼ 3 µm,
which is conventionally considered below the threshold of cumulus clouds. Such clouds15

contain a relatively low LWC (< 17 mgm−3), and have a small COD. In addition, these
clouds reach their maximal LWC when their driving updraft has already dissipated.

Because of their temporal and spatial properties, such clouds are likely to escape the
scientific “cloud radar”. Small, short-lived clouds form a collective suite of challenges
to study. Their physical properties fall below most of the sampling rate and sensitivity20

limits of in-situ measurement instruments, and are smaller than the spatial resolution
of most climate-oriented remote sensing sensors. Moreover, most of the RH measure-
ment techniques are limited to a lower supersaturation bound of 0.2 % (Snider et al.,
2003); and measurements of low supersaturation are difficult to perform and are usu-
ally highly inaccurate (Rose et al., 2008). It is therefore quite hard to characterize these25

clouds.
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This study raises several interesting and important issues regarding the way in which
clouds are defined. Our results can be generalized, suggesting that many of the con-
vective clouds whose maximal size is in the range of a few hundred meters or less,
and that form below an inversion layer, are likely to be the result of a weak perturba-
tion located not far below the inversion base height. Such perturbations lift the parcel,5

developing low supersaturation and creating clouds.
It has already been noted that the region between clouds within a cloud field (also

known as the clouds’ twilight zone; Koren et al., 2007) is characterized by unique op-
tical properties, and that the commonly used discrimination between clear and cloudy
skies might lead to substantial errors in estimating radiative forcing (Charlson et al.,10

2007). In this paper, we explore the range of small clouds that lie between haze and
conventional, more developed cumulus clouds, and introduce the transition-zone cloud.
Although these clouds seem to exist for only a relatively small range of initial conditions,
they are expected to be quite common, since they form in common environmental con-
ditions. Moreover, a link is expected between the clouds’ size and frequency of occur-15

rence (Koren et al., 2008; Wood and Field, 2011; Zhao and Girolamo, 2007). As these
clouds occupy the small end of the Cu cloud size distribution, their number is the high-
est. These findings suggest that the subset of transition-zone clouds has an important
radiative forcing effect which is currently either not considered, or wrongly attributed to
aerosols.20

Furthermore, these clouds might better explain the unique optical properties of the
clouds’ twilight zone. Our findings suggest that weight should be given to theoretical
studies, as well as to the development of instruments and measuring techniques that
will enable us to advance our knowledge of this important and understudied subset of
clouds.25
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Appendix A

The atmospheric profile used in this study

See Fig. A1.
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6 
 

clouds? According to which definition can we identify them as clouds (remote 1 

sensing, modeling, microphysical)? Using theoretical cloud equations together with 2 

observations, we study the properties of this unique subset of clouds. 3 

 4 

 5 

Figure 1 - Images taken during a field campaign on 30 June 2011 at 15:52–15:56 LT. 6 

Top: sequential (1-min time lag) images of the complete lifetime of a single short-7 

lived cloud. The camera was pointed at the zenith and the diagonal field of view is 8 

180°. The yellow rectangles mark the position of the cloud. Bottom: enlargement of 9 

one of the images.  10 

 11 

 12 

 13 

Fig. 1. Images taken during a field campaign on 30 June 2011 at 15:52–15:56 LT. Top: sequen-
tial (1 min time lag) images of the complete lifetime of a single short-lived cloud. The camera
was pointed at the zenith and the diagonal field of view is 180◦. The yellow rectangles mark the
position of the cloud. Bottom: enlargement of one of the images.
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9 
 

 1 

Figure 2. A histogram of effective radius (reff) readings from 14:00–16:00 LT on 30 2 

June 2011. Most of the reff readings are below 2 µm. Data were measured at a rate of 3 

0.5 Hz. 4 

Based on the sounding data from the Beit-Dagan meteorological station measured 5 

on 30 June 2011 at 12:00 UTC (15:00 LT), we simulated the formation of thin warm 6 

clouds on that day. A wide range of RH perturbations and initial vertical locations 7 

were used (presented in more detail further on). Figure. 3 shows an example of one 8 

simulation of the formation of a small, warm cloud. To initiate the cloud formation 9 

we used a RH perturbation of 11% above ambient RH (68%), at a height of 550 m. 10 

The initial updraft of the parcel was set to zero, and its temperature was equal to the 11 

ambient temperature at that level (20.1ºC). Examination of Figure. 3 reveals that the 12 

parcel rose ~475 m and reached a low supersaturation of ~0.2%, along with a LWC of 13 

2.15 mg m-3. The maximal reff of the droplets was 1.95 µm, while the parcel drifted 14 

Fig. 2. A histogram of effective radius (reff) readings from 14:00–16:00 LT on 30 June 2011.
Most of the reff readings are below 2 µm. Data were measured at a rate of 0.5 Hz.
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11 
 

up with a weak updraft (average of 86 cm s-1), reaching a maximal value of 128 cm s-1 1 

for a very short time (see Figure. 3). It is interesting to note the time lag between the 2 

maximal updraft and maximal LWC. At the stage of maximal updraft, the parcel 3 

contains only haze droplets, none of its droplets are activated and it is subvisual to 4 

the naked eye. When the parcel reaches its maximal LWC (and supersaturation), the 5 

updraft is completely exhausted, it turns into a downdraft and the cloud is already in 6 

the dissipation stage.  7 

 8 

Figure. 3. Temporal evolution of an air parcel. Vertical position (blue), relative 9 

humidity (RH) and supersaturation (red), updraft (magenta), effective radius (reff, 10 

green), and liquid water content (LWC, black).  11 

 12 

Fig. 3. Temporal evolution of an air parcel. Vertical position (blue), relative humidity (RH) and
supersaturation (red), updraft (magenta), effective radius (reff, green), and liquid water content
(LWC, black).
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12 
 

 1 

Figure 4. The maximal effective radius (reff, blue), maximal relative humidity (RH, 2 

red), and maximal liquid water content (LWC, black) of the forming clouds vs the 3 

initial RH of the parcel. The green line is the derivative of the maximal reff with 4 

respect to the initial RH of the parcel. Transition-zone clouds are defined within the 5 

vertical magenta lines (see text for further explanation). 6 

 7 

Further examination of the model results for a range of different initial vertical 8 

locations of the parcel and initial RH values, revealed a range of possible values for 9 

the microphysical properties and lifetimes of the formed clouds. In every panel in 10 

Figure. 5, the temperature (blue) and RH (red) profiles are plotted along with the 11 

ceilometer measurement of cloud-base height (horizontal blue line) and the 12 

theoretical LCLs (horizontal cyan and magenta lines). One of the LCL calculations was 13 

Fig. 4. The maximal effective radius (reff, blue), maximal relative humidity (RH, red), and max-
imal liquid water content (LWC, black) of the forming clouds vs. the initial RH of the parcel.
The green line is the derivative of the maximal reff with respect to the initial RH of the par-
cel. Transition-zone clouds are defined within the vertical magenta lines (see text for further
explanation).
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14 
 

 1 

 2 

Figure. 5. Theoretical cloud model results for a range of possible initial heights and 3 

relative humidity (RH) perturbations for the atmospheric profile of 30 June 2011, 4 

12:00 UTC. (a) The lower symbol of every pair of symbols represents both the initial 5 

height of the parcel and the size of the smallest RH perturbation that created a cloud 6 

(determined as RH > 100%). The higher symbol of every pair represents the 7 

simulated cloud-base height. Note that all of the simulated parcels (initial heights 8 

Fig. 5. Theoretical cloud model results for a range of possible initial heights and relative humid-
ity (RH) perturbations for the atmospheric profile of 30 June 2011, 12:00 UTC. (a) The lower
symbol of every pair of symbols represents both the initial height of the parcel and the size
of the smallest RH perturbation that created a cloud (determined as RH> 100 %). The higher
symbol of every pair represents the simulated cloud-base height. Note that all of the simulated
parcels (initial heights 250–750 m) resulted in a cloud base at the measured value (horizontal
blue line). (b) Possible values of the maximal effective radius (reff) for different initial heights and
different perturbations. The colored region corresponds to the value of the simulated maximal
reff. The position of the colored region on the graph represents the initial height of the parcel
and the magnitude of the RH perturbation. (c–f) Same as panel (b) but for maximal liquid water
content (LWC), maximal supersaturation, lifetime, and average updraft, respectively.
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17 
 

 1 

Figure. 6. The maximal effective radius (reff-max) vs the maximal liquid water content 2 

(LWCmax) in the cloud for different dry aerosol size distributions (Asmi et al., 2011) 3 

and different initial relative humidity perturbations. Each line represents a different 4 

dry aerosol size distribution. The labels follow the names given by Asmi et al. (2011). 5 

The different shaded regions represent conditions of haze (subsaturation, yellow), 6 

transition-zone clouds (magenta), and more developed Cu clouds (blue). 7 

 8 

Obviously, the occurrence of transition-zone clouds is not restricted to the eastern 9 

Mediterranean region. Similar atmospheric conditions are quite common during the 10 

summer in other locations around the globe (specifically coastal areas along the 11 

subtropical belt, see Fig. 7 and discussion in Hirsch et al, 2013), in which a persistent 12 

Fig. 6. The maximal effective radius (reff-max) vs. the maximal liquid water content (LWCmax)
in the cloud for different dry aerosol size distributions (Asmi et al., 2011) and different initial
relative humidity perturbations. Each line represents a different dry aerosol size distribution.
The labels follow the names given by Asmi et al. (2011). The different shaded regions rep-
resent conditions of haze (subsaturation, yellow), transition-zone clouds (magenta), and more
developed Cu clouds (blue).
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Appendix A: The atmospheric profile used in this study. 1 

 2 

Figure. A1. Tephigram of the atmospheric profile used in the model. 3 

 4 

Fig. A1. Tephigram of the atmospheric profile used in the model.
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