Atmos. Chem. Phys., 14, 9003812 2014 Atmospherio
www.atmos-chem-phys.net/14/9001/2014/ .

doi:10.5194/acp-14-9001-2014 Chemistry
© Author(s) 2014. CC Attribution 3.0 License. and Physics

On transition-zone water clouds

E. Hirsch12 1. Korenl, Z. Levin®4, O. Altaratz?, and E. Agass?

1Department of Earth and Planetary Sciences, Weizmann Institute of Science, Rehovot 76100, Israel
2Department of Environmental Physics, Israel Institute for Biological Research, Nes Ziona, Israel
3Department of Geophysical, Atmospheric and Planetary Sciences, Tel-Aviv University, Tel-Aviv, Israel
4The Energy, Environment and Water Research Center (EEWRC), The Cyprus Institute, Nicosia, Cyprus

Correspondence td: Koren (ilan.koren@weizmann.ac.il)

Received: 26 November 2013 — Published in Atmos. Chem. Phys. Discuss.: 13 January 2014
Revised: 8 June 2014 — Accepted: 22 July 2014 — Published: 1 September 2014

Abstract. A recent field campaign was conducted to measurebased on the clear physical discrimination between cloud and
the properties of thin, warm convective clouds forming un- haze droplets, according to the Kéhler theory (Kohler, 1936).
der conditions of weak updrafts. During the campaign, short-A droplet that is large enough to grow spontaneously un-
lived clouds (on the order of minutes) with droplets’ effective der environmental supersaturation is considered an activated
radius of 1-2 um and low liquid water patt 600 mg nT?2) cloud droplet. An inactivated droplet, which has not passed
were measured. These low values are puzzling, since in moghe thermodynamic barrier, is considered a haze droplet. De-
studies an effective radius of 4 um is reported to serve aspite the absence of a clear definition for clouds, there is gen-
the lower bound for clouds. A theoretical cloud model de- eral agreement that a substantial number of a cloud’s droplets
signed to resolve the droplet-activation process suggestedre activated. For example, continental subarctic low-level
conditions that favor the formation of such clouds. Here weclouds have been found to contain an average fraction of ac-
show that these clouds, which mark the transition from hazdivation of 47 % (with respect to number size distribution),
to cloud, are highly sensitive to the magnitude of the initial with variations between 9 and 86 % (Komppula et al., 2005).
perturbation that initiated them. We define these clouds as There have been many studies on the temporal evolution
“transition-zone clouds”. The existence of such clouds pose®f haze and cloud droplets (Mason and Chein, 1962; Mordy,
a key challenge for the analysis of atmospheric observationd959 and Reutter et al., 2009). The presence of these two
and models, since they “further smooth” the transition from thermodynamic states, controlled by the degree of supersatu-
dry aerosol through haze pockets to cumulus clouds. ration, suggests an interesting 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 is inversely proportional to their radii. Such a
1 Introduction diffusional growth rate dictates faster radial growth of small

. ) i vs. bigger activated droplets. It has been shown that activated
Although extensively studied for decades, there is no cleagygplets in an ascending parcel reach a radius of more than

definition of a cloud. Clouds are often de_fined by thres_holdsG um in less than 100's, regardless of their initial size (Mordy,
that depend on the measurement technique and applicatioRgsg) Therefore, the time during which the effective radius
such as the cloud optical depth (COD) threshold when uS+ the cloud droplet distribution is 1-3 um is very short, and
ing remote-sensing tools, or the liquid water content (LWC) he |ikelihood of a cloud to obtain such an effective radius
threshold in cases of in situ measurements and cloud numeyg very small. However, the differences in drop growth rates
ical models. Such thresholds are not robust; they have beefacome negligible as they grow. The growth rate of activated
showr_1 to misclassify the atmosphere and to mtrod_uce pmbdroplets with radius larger than 10 um depends mainly on
lems in analyses of both cloud and cloud-free regions (Ko-the gegree of supersaturation, rather than their size (Rogers,

ren et al., 2007; Charlson et al., 2007). On the microscale; 979) These properties create two droplet size gathering
the definition of a cloud droplet is more robust, since it is
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foci. One below the Kdhler maxima that contains the haze2 Methods
particles, and the second one drifting toward the larger end
of the spectrum of the growing activated droplets. Therefore A field campaign was conducted during the summer (June—
since the effective radius is biased toward the larger dropletsAugust) of 2011 in Israel, focusing on the microphysical
its value will usually be bigger than 1-3 pm. These consider-and optical properties of thin, warm convective clouds. The
ations explain why a threshold radius of 4 um is often usedmeasurement site was in Nes Ziona, which is located ap-
as the lowest value that can represent a cloud (Kawamot@roximately 10 km away from the coast. The cloud proper-
et al.,, 2001), and why an effective radius in the range ofties were retrieved using a novel ground-based hyperspectral
1-3um is considered transient, resulting in a small likeli- technique (Hirsch et al., 2012) which was developed to re-
hood of capturing it for most cumulus clouds. These esti-trieve the optical (COD) and microphysicat¢, LWP) prop-
mations agree well with observational records of effectiveerties of thin, warm clouds. It relies on three elements: de-
radii of clouds. Extensive in situ measurements (Miles et al. tailed radiative-transfer calculations in the longwave-IR (in-
2000) of global marine and continental low-level stratiform frared) regime, signal enhancement by subtraction of a clear
clouds gave a mean effective radiusi( of 9.6+2.35 and  sky reference, and a spectral matching method that exploits
5.442.05 um, respectively. In addition, a nearly global sur- fine spectral differences between water droplets of different
vey of the effective radii in marine and continental shallow radii. The sensors were pointed to the zenith and the mea-
warm clouds (Han et al., 1994) indicated meap values  surements were conducted at a rate of 0.5 Hz, thus the COD,
of 11.8 and 8.5 um, respectively. Nevertheless, sragial- refi and LWP were derived every 2s. Since the retrieval is
ues, in the range of 3.5-5.5 um, have been reported for in sitbased on spectral analysis, its accuracy is not constant for all
measurements of continental boundary layer cumulus cloudsalues ofresr. However, the retrieval is at its highest sensitiv-
(Han et al., 1995; Vogelmann et al., 2012). These valuesty for thin clouds, and the error is estimated to$b8.5 um
coincide well with the findings of Deng et al. (2009), who for reff &~ 2 um and for LWP <10g m? (see Hirsch et al.,
reported an averages of 3.86 um, with an average LWC 2012 for further details).
of 0.16 gnT3, from in situ measurements of Cu clouds in  Complementary measurements of the atmospheric profile
Beijing. The smallester values were reported by Reid et and cloud-base height were conducted by the Israel Meteo-
al. (1999), who studied the properties of warm convectiverological Service (IMS) at the Beit Dagan station, which is
clouds in Brazil by in situ measurements, and documentedocated 10 km north of the cloud-measurement system, at a
reff readings of 2 um in a highly polluted environment. In ad- similar distance from the coast. Thus, the influence of the
dition, they provided a mathematical connection between thesea breeze on the atmospheric conditions at both sites is ex-
reff and the LWC which could explain 70 % of the variance pected to be similar. The cloud-base height was measured
in the measured data. Furthermore, in another study, a relaby a ceilometer, and the atmospheric conditions were mea-
tionship between the liquid water path (LWP) and the of sured twice a day by a radiosonde (at 00:00 and 12:00UTC
a cloud was found (Liu et al., 2003), suggesting that a small- universal time coordinated). The data were downloaded
reff IS positively correlated with small LWP. from the University of Wyoming website (Atmospheric
During the eastern Mediterranean summer, it is typical tosounding:http://weather.uwyo.edu/upperair/sounding.html
find stagnant atmospheric conditions, with a moist bound-The radiosonde provides information on temperature, pres-
ary layer and a near-neutral lapse rate that is bounded by asure, humidity, and horizontal wind speed profiles from the
inversion layer. Since in many cases, the lifting condensasurface to the end of the troposphere. As explained later, the
tion level (LCL) is located above the inversion layer, standarddaily 12:00 UTC atmospheric profiles were used as an in-
forecasting tools predict no cloud formation on these days. put data for the theoretical cloud model and for calculating
In this study, we focus on the very small end of the sizethe expected cloud-base height (based on LCL). Those val-
distribution of convective clouds. During a recent field cam- ues were compared to the measured cloud-base height at the
paign (see next section for further details), we measuredsame geographical location, at Beit Dagan.
many short-lived Cu clouds (see an example in Fig. 1) that To examine the atmospheric conditions under which such
were characterized by very smalk values. Our study raises clouds can form, a theoretical cloud model was developed.
several questions: are these clouds? According to which defWe used the basic cloud physics equations to investigate air-
inition can we identify them as clouds (remote sensing, mod-parcel evolution under weak updraft conditions, below a ther-
eling, microphysical)? Using theoretical cloud equations to-mal inversion (see Appendix A for a comprehensive descrip-
gether with observations, we study the properties of thistion of the parcel model). There are parcel models that use
unique subset of clouds. conserved thermodynamic parameters such as potential tem-
perature or equivalent potential temperature (see for example
Berg and Stull, 2004). However, the purpose of our model
was to resolve the parcel motion and to enable analyzing
in detail the uptake of water vapor by haze droplets and of
the droplet activation process. The model solves the first law
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Figure 1. Images taken during a field campaign on 30 June 2011 at 15:52—-15:56 LT. Top: sequential (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.i$H&§ellow rectangles
mark the position of the cloud. Bottom: enlargement of one of the images.

of thermodynamics directly. As detailed in Appendix A, the refi. An example of one specific cloud is presented in Fig. 1.
cloud model accounts for the effect of entrainment only onThe cloud appears ordinary to the naked eye, and it has a
the momentum. However, under the specific conditions ofshort lifetime of only 6 min. Use of the retrieval method re-
relatively weak updrafts, which serve as the “entrainment envealed the COD, LWP ancs as the cloud passed above the
gine”, such representation provides a reasonable approximaensors in the zenith. The temporal averageof the cloud
tion. Moreover, the coupling between the model’s equationg(as it passed in the zenith) was 1.24 um (with standard devia-
imposes interaction of the entrainment process with all othetion of ¢ = 0.2 um), the average LWP was 0.13 gfn(with
processes. 0.01 and 0.37 g2 as the 10th and 90th percentiles respec-
The dropletreff and supersaturation within the parcel, as tively), and the average COD at 550 nm was 9.15 (with 0.66
well as the cloud’s updraft and LWC, were calculated for aand 30.3 as the 10th and 90th percentiles respectively). The
range of initial conditions. The 24 dry aerosol size distribu- data collected on this day showed many more clouds with
tions used in the model were measured in situ in Europe andimilar characteristics. Most of theg readings at noontime
in the Mediterranean (Asmi et al., 2011), and the aerosolof that day were smaller than 2 um (Fig. 2) and the clouds
were assumed to be ammonium sulfate. had a relatively short lifetime (several minutes at most).
Based on the sounding data from the Beit Dagan mete-
orological station measured on 30 June 2011 at 12:00UTC
3 Results (15:00 LT — local time), we simulated the formation of thin
warm clouds on that day. The dry aerosol number size dis-
Here we present a detailed case study of 1 day in the fieldribution that was used is based on measured aerosol size
campaign (30 June 2011; see the tephigram in Appendix BSPectra from the island of Crete, and the diameters can be
Fig. B1). Analysis of the cloud measurements from that day'epresented as a sum of two log-normal distributions cen-
revealed many short-lived clouds with uncommonly small tered at 86 and 189 nm (see full description in Asmi et al.,
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Figure 3. Temporal evolution of an air parcel. Vertical posi-
Figure 2. A histogram ofref readings from 14:00 to 16:00LT on tion (blue), RH and supersaturation (red), updraft (magents),
30 June 2011. Most of the readings are below 2 pm. Data were (green), and LWC (black).
measured at a rate of 0.5Hz.

2011, station FKL). A wide range of RH (relative humidity) € *
perturbations and initial vertical locations were used (pre-
sented in more detail further on). Figure 3 shows an example s
of one simulation 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- ¢ ﬁ;
tial updraft of the parcel was set to zero, and its temperature

was equal to the ambient temperature at that level (ZD)1 %

Examination of Fig. 3 reveals that the parcel rosd75 m s

and reached a low supersaturatiomo.2 %, along with a %4

LWC of 2.15 mg nT3. The maximalf of the droplets was E

1.95 um, while the parcel drifted up with a weak updraft (av- g J/l

erage of 86 cmsl), reaching a maximal value of 128 cm's = S S SR

0

07 80 5
for a very short time (see Fig. 3). It is interesting to note the inital RH (4]
time lag between the maximal updraft and maximal LWC. At gigure 4. The maximalres (blue), maximal RH (red), maximal
the stage of maximal updraft, the parcel contains only hazgwc (black), and fraction of activation (in terms of number size
droplets, none of its droplets are activated and it is subvisuadiistribution, magenta) of the forming clouds vs. the initial RH of
to the naked eye. When the parcel reaches its maximal LWGhe parcel. The green line is the derivative of the maxirgglwith
(and supersaturation), the updraft is completely exhausted, itespect to the initial RH of the parcel. Transition-zone clouds are
turns into a downdraft and the cloud is already in the dissipa-defined within the vertical magenta lines (see text for further expla-
tion stage. nation).

The dependency of the cloud’s properties on the initial

RH of the parcel was examined and the results are presented
in Fig. 4. The ambient RH was 68 % and the perturbationsplotted the derivative of the blue linecsf max) against Rait
ranged between 7 and 17 %. Every point in the figure rep{d(reft,max)/d(RHinit), in green). We defined the cases with
resents the results of a complete simulation, similar to thed (reff, max)/d (RHinit) >2 pum %1 as “transition-zone” clouds
one presented in Fig. 3, using the same dry aerosol sizémarked with vertical magenta lines). The clear and narrow
distribution (based on measurements from Crete; Asmi etransition zone seen in all of the graphsi{ RH and LWC)
al., 2011). The maximales (blue), maximal RH (red), and implies that these clouds are highly sensitive to the initial
maximal LWC (black) of the forming clouds were plotted conditions of the parcel. Furthermore, it reinforces the com-
against the initial RH of the parcel. In addition, the frac- mon assumption of a minimads of 4 um for clouds, located
tion of activated droplets (in terms of number size distribu- well beyond the transition zone.
tion) is plotted against the initial RH (magenta). To empha- Although the marked region appears small, it does not nec-
size the dependency of the maximaf on initial RH, we  essarily represent the likelihood of such conditions in nature;

fraction of activation [%)

e 6]
a o

RH/supersaturation
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in fact, it represents a wide range of possible values. Thehose clouds, while considering different heights from which
range of the maximaless is from 0.43 to 2.67 um, while the the parcel might have started to ascend. The maxigal
range of the maximal LWC is between 0.1 and 14.1 mgm  varies between 0.41 and 2.69 um, while the maximal LWC
In addition, maximal supersaturation ranges between 0.07anges between 0.09 and 16.8 mginThe maximal super-
and 0.31%, whereas the average updraft is approximatelgaturation varies between 0.05 and 0.33 % and the average
constant at 0.86 nTs. It is also interesting to note that the updraft ranges between 0.62 and 1.15th 8Vhen consid-
maximal fraction of activation can be in some clouds lower ering the possible initial heights of the parcel, the lifetime of
than 10 % (in terms of number size distribution), which is the the transition-zone clouds may reach 13.5min, but it is often
lower limit that can be measured in cumulus clouds (Komp-much shorter.
pula et al., 2005). How sensitive are these results to the aerosol model? To
Furthermore, it is possible to define a criterion for the study the effect of dry aerosol size distribution on the prop-
cloud’s lifetime. For every simulated cloud, we defined its erties of the forming clouds, we used 24 types of dry aerosol
lifetime as the period during which thes exceeds 0.5um. size distributions that had been measured in situ in Europe
This threshold was chosen since it represents the beginningnd the Mediterranean region (Asmi et al., 2011). Figure 6
of the droplet activation process in clouds. For the clouds thatlemonstrates that the phenomenon of transition-zone clouds
appear in Fig. 4, when the maximalk reaches 0.5um, the is independent of the dry aerosol size distribution, although
fraction of activation (in terms of number size distribution) is the microphysical properties (LWC, supersaturatiQn) of
0.13 %. Using this definition, the range of possible lifetimes the forming clouds are affected. Fig. 6 presents a group of
spans up to 1.4 min. curves representing the results of 3192 different simulations
Further examination of the model results, for a range offor 24 types of dry aerosol size distributions (every distribu-
different initial vertical locations of the parcel and initial RH tion with 133 different initial RH perturbations). The max-
values, revealed a range of possible values for the microimal res; Of the droplets is presented vs. the maximal LWC
physical properties and lifetimes of the formed clouds. Inin the cloud. All parcels were initiated at a height of 550 m,
every panel in Fig. 5, the temperature (blue) and RH (red)while every point on the curves represents a full simulation,
profiles are plotted along with the ceilometer measuremensimilar to the one presented in Fig. 3, for a different initial
of cloud-base height (horizontal blue line) and the theoret-dry aerosol size distribution and different initial RH pertur-
ical LCLs (horizontal cyan and magenta lines). As detailedbations. An examination of the curves shows the regime in
in Appendix A, one of the LCL calculations was based on athis phase space as dominated by “transition-zone” clouds.
ground-level ascending parcel and the other on a parcel witfThis regime is determined based on the presented criterion
average properties of the lowest 500 m. First, we note thafor recognizing the zone of sharp change in cloud properties
the measured cloud base~4$500 m below the LCL (both the as a function of the initial RH perturbation for similar dry
cloud base and atmospheric profile for estimating LCL wereaerosol distribution simulations (see explanation of Fig. 4).
measured in Beit Dagan). According to the cloud model re-In a subsaturated air parcel, haze develops with a submi-
sults, only parcels that initiated at altitudes between 250 anaron reff (Shaded yellow region). However, an initial pertur-
750 m formed a cloud-base height that is comparable withbation with relatively high RH compared to the environment
the actual measured one. Therefore, only those parcels’ reshaded blue region) can produce more developed clouds that
sults are presented. In Fig. 5a, the lower symbol of every pailare characterized by larges and higher LWC. In the inter-
of symbols represents both the initial height of the parcel andmediate zone (shaded magenta region) transition-zone clouds
the size of the smallest RH perturbation that created a clougre formed, namely clouds that are transitional between haze
(determined by a threshold of RH > 100 %). The higher sym-and Cu clouds. They are, by definition, highly sensitive to the
bol of every pair represents the simulated cloud-base heighinitial RH perturbation. When considering the wide range of
It can be noticed that all the parcels that originated betweerpossible dry aerosol size distributions, the maximalmay
250 and 750 m created clouds with similar base heights thavary between 1.5 and 6 um, while the maximal LWC ranges
are comparable with the measured value. between 0.01 and 73 mgTh. The supersaturation can be as
Figure 5b—f present the possible values of maximal high as 0.6 %, while the average updraft is almost unaffected
maximal LWC, maximal supersaturation, lifetime, and av- by the aerosol size distribution (range of 0.85-0.87H s
erage updraft, respectively. The colored region corresponds Obviously, the occurrence of transition-zone clouds is not
to the value of the simulated parameter. The position of therestricted to the eastern Mediterranean region. Similar atmo-
colored region on the graph represents the initial height ofspheric conditions are quite common during the summer in
the parcel and the magnitude of the RH perturbation; i.e., theother locations around the globe (specifically coastal areas
difference between the lower colored region and the red linealong the subtropical belt), in which a persistent synoptic-
represents the perturbation in the RH. scale subsidence exists. In such places, it is common to see
By analyzing the results presented in Fig. 5 and following small (on the scale of 100 m) cumulus clouds that form and
the definition of transition-zone clouds, it is possible to cal- dissipate within a few minutes.
culate the possible supersaturation, LWC agglvalues of
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Figure 5. Theoretical cloud model results for a range of possible initial heights and 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 maximels; for different initial heights and different perturbations. The colored region corresponds to the value
of the simulated maximaks. 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 agb) but for maximal LWC, maximal supersaturation, lifetime, and average updraft, respectively.

4 Summary and discussion under a weak updrafts regime in a humid boundary layer
bounded by a thermal inversion. The model predicts that, un-
In this study, we focused on a cloud regime that is usuallyder such conditions, a special subset of clouds with unique
overlooked. Observational evidence for warm clouds withmicrophysical properties can form. Such clouds are defined
smallreff, small LWP, and a short lifetime were found during here as transition-zone clouds because their thermodynamic
afield campaign. These observations initiated a detailed anabtate is in the transition between haze and cumulus clouds.
ysis using a bin microphysics cloud model to study the mi- They are highly sensitive to the initial perturbation, and they
crophysical properties of small, short-lived convective cloudsare characterized byms <~ 3 um, which is conventionally
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This study raises several interesting and important issues
regarding the way in which clouds are defined. Our re-
sults can be generalized, suggesting that there are convec-
tive clouds with maximal size in the range of a few hundred
meters or less, which form below an inversion layer, charac-
terized by low supersaturation values.

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 optical prop-
erties, and that the commonly used discrimination between
clear and cloudy skies might lead to substantial errors in es-
timating radiative forcing (Charlson et al., 2007). In this pa-
per, 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 condi-

e, [mgim’] tions, they are expected to be quite common, since they form
in common environmental conditions. Moreover, a link is ex-
Figure 6. The maximal effective radius-4f—max) vs. the maxi-  pected between the clouds’ size and frequency of occurrence
mal liquid water content (LWgax in the cloud for different dry ~ (Koren et al., 2008; Wood and Field, 2011; Zhao and Giro-
aerogol size Q|str|but|ons .(Asml et al.., 2011) and dlffer.ent initial lamo, 2007). As these clouds occupy the small end of the Cu
relative humidity perturbations. Each line represents a different dr)./cloud size distribution, their number is the highest. Since pre-

aerosol size distribution. The labels follow the names given by Asmi . tudi ted h Il cloud tributed
et al. (2011). The different shaded regions represent conditions of10US studies reported cases where small clouds contribute

haze (subsaturation, yellow), transition-zone clouds (magenta), and” 50 % of the reflectance (Koren etal, 2098)' these findings
more developed Cu clouds (blue). suggest that at some environmental conditions the subset of
transition-zone clouds has an important radiative forcing ef-
fect which is currently either not considered or wrongly at-

considered below the threshold of cumulus clouds. SucHributed to aerosols.
clouds contain a relatively low LWC (<17 mgTh), and Furthermore, these clouds might better explain the unique
have a small COD. In addition, these clouds reach their maxoptical properties of the clouds’ twilight zone. Our findings
imal LWC when their driving updraft has already dissipated. suggest that weight should be given to theoretical studies,
There is a possibility that the atmospheric conditions at theas well as to the development of instruments and measuring
measurement site, (at Nes Ziona) where the clouds charadechniques that will enable us to advance our knowledge of
teristics were measured, were different from the atmospheri¢his important and understudied subset of clouds.
profiles measured at the Beit Dagan station, but due to the
similar distances of both stations from the seashore it is not
plausible.

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 sam-
pling rate and sensitivity limits of in situ measurement in-
struments, and are smaller than the spatial resolution of most
climate-oriented remote-sensing sensors. Moreover, most of
the RH measurement techniques are limited to a lower super-
saturation 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 these clouds.
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Appendix A: The cloud model The rate of change of the supersaturation depends on two
_ _ _ ~ competing processes. The supersaturation increases when the
Unlike many parcel models in which the parcel's updraft is air parcel cools as it ascends and decreases when vapor is

prescribed, in our theoretical analysis, we developed an aifiepleted by the condensational growth of the haze and cloud
parcel model that is tuned to resolve the initiation of small droplets (Lee and Pruppacher, 1977):

buoyant air pockets that form due to weak perturbations in
temperature or humidity. In order to account for the delicatedsV’Wz P %_( svaw) ( ele d_T+ g U). (Ad)
processes that take place in the transition from haze to ac- df  &€satw 0t " RalT? dr  RaT

tivateq cloud dro-plets,. th? model solves the thermodynamiGrye second term on the right-hand side of the equation rep-
eq%?tmns fro? f'.rSt prlguplzs. he followi . h resents the effect of the adiabatic cooling on the saturation
e core physics Is based on the following equations t a(/apor pressure, while the third term represents the effect of

cc_)mbine t_he yertical motion of a r_‘?"”g moist air parcel the expansion of the parcel on the vapor pressure.
with the dlffus_lorjal growth of hum|(_j|f|ed aerosols and Wa-  The latter equation is derived under the assumptions that
ter droplets within the p_arcel. All air parcel mod_els imple- o partial pressure of the dry air equals the pressure of the
ment some form of the first law of thermodynamics, usually parcel, the density of the parcel equals the density of dry air,
as follows (Wallace and Hobbs, 2006): and that ¢b/dr ~ —gpU.
1 dp The rate of change in the updraft of the pardé) s de-
ar = c—(dq + RT—). (Al)  rived from momentum considerations (Lee and Pruppacher,
b p 1977). A positive thermal contrast between the parcel and the
(See Table A1 for a complete description of the symbols.) €nvironment accelerates the parcel, while the drag force re-
Equation (A1) describes changes in the parcel temperaturgulting from the condensing water decelerates the parcel. The
(dT); dT increases with the release of latent heat that occurdast term represents the effect of the entrained air on the up-
as water vapor condensesyjdand cools as a result of the draft. Since all the model's equations are coupled and the up-
expansion of the parceR{'dp/p). The latent heat released drafts are small, this formalism represents reasonable treat-
by inactivated haze droplets is incorporated into the modement of the effect of the entrained air on the parcel motion
by means of a detailed scheme that treats the growth of hu(Pruppacher and Klett, 1998):

midified aerosols. The termyds calculated by multiplying ,

the change in mass of all the droplets (haze droplets and acd_U __8 Iy _/TV — W | = paU2 (A5)

tivated cloud droplets) with the latent heat. Namely d  1+y T,

dg = Le Z dm, (A2) The inputs to the model are the atmospheric profiles (temper-
alldroplets ature, relative humidity and pressure), the initial conditions

of the parcel (vertical position, initial relative humidity, ini-
where dn(r) =4/37p(r3 — (r —dr)®), and Le=10%x tial temperature and initial updraft) and the size distribution
(25008 — 2.367 + 0.00167'%2 — 0.00006'3) (for T in °C; and chemical composition of the dry aerosol. The model cal-
Rogers, 1979). In order to simplify the model, we neglectedculates the temporal evolution of the vertical position, tem-
the effect of water vapor and liquid water on the specific heatperature, relative humidity, updraft and the size distribution
(cp) and used a constant value of dry air (Pruppacher andf the growing water droplets of the parcel. The cloud-base
Klett, 1988). height was determined from the model results for a relative
The growth rate of every haze or cloud droplet is deter-humidity level of 100 %. Since the model uses measured at-
mined by a diffusion equation that depends on the differencegnospheric profiles, the pressure is determined from the ver-
between the ambient relative humidity (or supersaturation}ical position of the parcel at every time step.
in the air parcel {, w) and the relative humidity adjacent to In our model, the input data for the dry aerosol size dis-
the droplet (Kohler, 1936). The growth rate also depends oriribution are based on number size distributions measured in
the heat conductivity and diffusion coefficients of the con- Europe (Asmi et al., 2011). The distribution is represented
densing water droplets. These relationships are described dyy a discrete 250-bin parameterization sampled on a loga-
Pruppacher and Klett (1998) as follows: rithmic scale. Because the influence of the size distribution
of the aerosols on the cloud’s properties greatly exceeds that
O _ Dy Mwesatw (Too) <1+SV W—iexp[LeMW (L) of the chemistry of the aerosols (Reutter et al., 2009 and
dr psRT 148 RT \14$ Dusek et al., 2006), we assumed that all of the aerosols are
D ammonium sulfate; this assumption also allowed us to sim-

2wa75/a _ Uq)sgmeer,:\gl
RT (1+ ) pwr Mspy (r3—r|§|)

+ (A3) plify the model. Furthermore, because the deliquescent rel-
ative humidity of ammonium sulfate is approximately 80 %
(Brooks et al., 2002), we can assume that aerosols take up

water vapor by diffusion in the very early stages of air parcel
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Table A1l. List of symbols.

Symbol  Quantity Units

T Air temperature inside the parcel K

q Latent heat release JKk4

R Gas constant for 1 mole of ideal gas J ok —1
p Pressure Jms

r Droplet radius m

D} Modified diffusivity of water vapor in air s 1

My Molecular weight of water molel

Ms Molecular weight of salt molel

esatw Saturation vapor pressure over a plane water surface —3Jm

pg Density of aqueous salt solution kg

Sv,w Supersaturation of water vapor with respect to a plane water surface unitless
8 TT—; -1 unitless

Le Latent heat of evaporation of pure water Jhg

Os/a Surface tension of an aqueous solution drop against air “Im

ow Density of water kg rm3

v Number of ions into which a salt molecule dissociates in water unitless
dg Osmotic coefficient unitless

ON Density of dry aerosol kg m?

N Radius of dry aerosol m

I3 Molecular weight ratio of HO to dry air &0.622) unitless

wy Mixing ratio of water vapor ggl

Ra Gas constant for 1 g of dry air JrgK1

g Acceleration of gravity ms2

U Vertical velocity of air parcel mst

y 0.5 correction for induced mass acceleration (Pruppacher and Klett, 1998)  unitless
Tv Virtual temperature of air parcel K

T,; Virtual temperature of environment K

WL Liquid water mixing ratio in the air parcel V@terg;rl

n Entrainment rate for a convective plume -

em Mass fraction of water soluble substance in mixed aerosol particle unitless
R The universal gas constant Jkmole™1

movement. To increase the accuracy of the model, we used a
fine temporal resolution of 2.5 ms.

In addition we used measurements obtained by the Israelfj ¢ = 1; + 55,
Meteorological Service (IMS). The IMS station at Beit Da- T—55In(RlY)
gan is located 10km east of the Mediterranean shore and 2840
. . . . TLCL 35
measures the atmospheric profile on a daily basis by releasp o, = p(—=)3°, (A6)
ing a radiosonde at 12:00 UTC (15:00 local time during the Ty

summer). These sounding atmospheric profiles (website: a'i?vhereTk, P and RH are the temperature, pressure and rel-

mospheric sounding) served two purposes: first, they wereyq e hymidity, respectively, of the air parcel at the ground
used as inputs for the air parcel model; and second, they werg, | (referred to hereafter as the ground LCL).
used to calculate the LCL. The LCL itself was derived by

two different methods: (1) the method used by the Univer-

sity of Wyoming (website: sounding station parameters and
indices), which uses the average value of the lower 500 m of
the atmosphere (referred to hereafter as the average LCL);
and (2) a widely used approximation described by Bolton

(1980) and Stull (1988):

www.atmos-chem-phys.net/14/9001/2014/ Atmos. Chem. Phys., 14, 9@I2 2014
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Appendix B: The atmospheric profile used in this study
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Figure B1. Tephigram of the atmospheric profile used in the model.
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