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ABSTRACT

Based on the model of regular condensation it was found that at low concentrations of CN (LC mode) at a height of
about 10 m from the condensation level narrow spectra of cloud drop are formed. Their dispersion quickly decreases
with increasing height. For high concentrations (HC mode) broad spectra are formed immediately due to the absence of
separation into growing drops and CN covered with water. The process of spectra evolution at a constant height results,
in all the cases, in the appearance of asymptotic spectra with a relative width b6 > 0.215. To approximate these calcu-
lated asymptotic spectra, the modified gamma-distribution with the fixed parameter o = 3 and a variable parameter y are
most suitable. For the intermediate spectra applicable are the simpler mirror-transformed known distributions. The
comparison of the above distributions with the experimental spectra of a fog artificially formed in the Big Aerosol
Chamber (BAC) of RPA “Typhoon” and the spectra of the morning fog and super cooled stratiform clouds demon-
strated their good agreement. The phenomenon of multimodal spectra formation at a sharp rise of stratiform clouds with
the velocity more than 0.1 - 0.3 m/s was theoretically shown and experimentally confirmed. The effect of CN high con-
centrations, evolution processes and sharp fluctuations of vertical velocities on the formation of cloud spectra observed

in nature is discussed.
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1. Introduction

This Studying of the processes of cloud and fog micro-
structure formation during their initiation plays an im-
portant role in the understanding of the mechanisms of
the microstructure formation and interaction of the drops
formed with the environmental pollutants. The connec-
tion of a cloud microstructure with atmospheric aerosol
composition influences the climate forming conditions.
Of importance is also the problem of precipitation en-
hancement at cloud modification with hygroscopic
agents. But up to the present, there is no generally ac-
cepted mechanism of experimentally observed in natural
conditions rather broad cloud spectra [1], because the
mechanism of regular condensation does not explain this
aspect. In the monograph [2] devoted to the initial stage
of condensation it is shown that within the frameworks of
the theory of regular condensation at a constant rate of
updraft the drop spectrum becomes narrower with alti-
tude. In the same way, by analyzing dominant estima-
tions for the Junge condensation nuclei (CN) the regu-
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larities of cloud drop spectra were obtained. These are
the exponential function of maximum oversaturation and
the concentration of the drops formed unambiguously
connected with it on the velocity of updraft and CN con-
centration. Corresponding expressions for the exponents
are given. In [3] broad drop spectra, formed due to eva-
poration of fine drops, were obtained for high concentra-
tions of CN. But this result has not been analyzed from
the physical viewpoint and was not considered later on.
In the recently published work [4] with the use of a nu-
merical model of regular condensation confirmed is the
dependence, obtained in [2] of drop concentration on the
velocity of air mass updraft, and its corrected dependence
on CN concentration is given. The dependence of drop
concentration on air mass temperature and pressure is
given as well. But the author limited himself by the case
of small concentrations at which the cloud drop concen-
tration formed at the initial moment remained constant at
a further updraft

Analytical solutions were used [5] to study the depen-
dences of integral values of cloud spectra on environ-
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mental parameters and the velocity of air mass updraft
for a lognormal distribution of CN. The proposal to use
some new parameters of drop spectra was made in [6].
But a comprehensive understanding of cloud spectra can
be obtained only with the development of an adequate
model of processes involved in the formation of cloud
spectra.

The attempts to find an answer in solving this problem,
including the problem of broad spectra, are described in
detail in the review [7]. It is emphasized in this review
that the model of regular condensation with a constant
velocity of air mass updraft results in narrowing with the
increasing updraft height cloud spectra in contrast to the
broad and even miltimodal spectra observed in nature. In
the works considered by them earlier, where an answer to
this question was sought, most frequently proposed were
the mechanisms of shifting of several cloud portions with
different drop spectra, including those with pure air.
Special attention is paid at the situation when the spectra
of separate cells are mixed—these spectra are formed at
different velocities of updrafts at the cloud base. In more
detail this situation is analyzed in [8] where the situation
with increasing updraft velocities from zero to 1.5 m/s is
considered.

A possibility of bimodal spectra formation in the cells
of a low velocity at the cloud base and its strong increase
in the middle section are considered in [7]. But for this
case there exist doubts in the sufficiency of the amounts
of condensation nuclei left after the formation of an ini-
tial cloud drop spectrum for the formation of additional
drops. These doubts are especially enhanced after the
analysis of the aerosol-cloud system [9], where it is con-
cluded that at the formation of cloud drops almost 80%
of aerosol go into the drops.

When searching analytic approximations of cloud spec-
tra [7] was thinking that at a modern level of computer
technologies more adequate for studies of cloud proces-
ses is the direct computation of cloud drop spectra. Nu-
merous researchers are likely to support the same posi-
tion. Therefore, at present a three-parametric modified
gamma-distribution, introduced in the monograph [10], is
used (in particular) [11] to analyze optical properties of
clouds. Because of a great number of parameters in this
distribution, an unambiguous choice of the latter for con-
crete cloud structures presents difficulties.

To remove the above-mentioned gaps in the present
paper a series of studies on the cloud microstructure for-
mation at the stage of air mass updraft and its further
evolution at a constant height based on the numerical
model of regular condensation constructed by the authors
is presented. As a result, a qualitative difference of cloud
spectra formation at low and high concentrations of con-
densation nuclei (the LC and HC) has been found. The
formation of spectra with a negative asymmetry was also
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found both at the updraft and evolution, that required the
search of new approximation relationships for them. Qua-
litative and quantitative regularities of cloud drop con-
centration formation, relative spectrum widths and other
characteristics depending on CN concentrations and also
the updraft velocity and environmental temperature were
obtained.

The calculated regularities were compared with the
observed ones during the process modeling in the cloud
chamber and also with the stratified clouds and morning
fogs spectra measured by the authors. As a result of such
studies, an identification of processes occurring in real
clouds leading to broad and even multi-modal spectra is
given. A recommendation is given for an analytic de-
scription of cloud spectra with the use of the known mir-
ror symmetric distributions and a modified gamma-dis-
tribution with the parameter a = 3.

2. Calculated Regularities of Cloud Spectra
Formation

2.1. Basic Relationships and General Pattern of
Calculation Spectra Formation

First, For studying calculated regularities of cloud spec-
tra formation we shall limit ourselves by a two-paramet-
ric inverse power distribution of the condensation nuclei
over their equivalent radii r..

r-c ) m

rc 0

where C, determines the number of particles with 7. > r.
per 1 mg of air. This distribution is transformed at a
100% humidity into an equilibrium distribution over the
radii r,, of CN covered with water being droplets of a salt
particles dissolved in water [2]

F(r)=C M[f_] B2 B

c
er er 3

Under an approximation of the equality of the surface
tension o, and the solution density p with the corre-
sponding characteristics of pure water, the value of r, is
determined by the number of salt molecules . multiplied
by the Van’t-Hoff factor i, with the relationship [12].

2 _ 3mewT

w

in 3)

c c

Here m,, is the mass of a water molecule, 7 is tem- pe-
rature, R, is the gas constant of water vapor.

The use of distribution (3) makes it possible to avoid
the numerical procedure of studying the process of dry
CN transformation at increasing relative humidity of air.
For calculating the processes of drop formation the CN
interval chosen is separated into n channels with an equal
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number of CCN in them, that is not necessarily to be an
integer. At a growth of a drop the number of salt mole-
cules in it remains constant, and its growth depends on
the precipitation of the number of water molecules at in-
creasing relative humidity f. The Van’t-Hoff factor is
considered constant, the distribution of salt is homoge-
neous. The formulae for drop growth are taken from [2].
The value of vapor molecules accommodation is taken
equal to 0.98.

At the first stage during the time interval At is deter-
mined by the variation of thermodynamic parameters due
to the air mass updraft. At the second stage an increment
of mass that occurred during this time is calculated for
every nucleus. Then, the value of f is corrected for the
total growth of mass on drops. It has been stated experi-
mentally that stable results of calculations were obtained
at Ah <1 cm and n > 100. For the drop spectrum forma-
tion the condensation nuclei from Equation (2) were in-
cluded, the radii of which were greater than r,,. Its value
was chosen from the condition that there would stay
about 5% of nuclei cowered with water after the drop
spectrum formation. At varying CN concentration it ap-
peared that during the air mass updraft two different
modes of cloud spectra formation (that will be named the
modes of low (LC) and high (HC) concentrations) may
be realized

The difference of these regimes is illustrated by the
curves in Figure 1, where for the process of air mass
updraft with the velocity of 1 m/s to the height of 30 m
and at its further evolution at a ceased updraft are the
trajectories of drop growth at the separation of the whole
spectrum into 100 channels (the upper figures). In the
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lower figures present the trend of the integral values:
asymmetry coefficients k,, relative breadth b, drop
concentration C,, oversaturation ¢ = Inf'and u,, = max (u
=r/<r>).

The vertical lines in the upper figures denote the mo-
ments of updraft stopping at # = 30 s, and the numbers at
the trajectories correspond to the serial number of the
channels. From Figure 1(a) the process of growing drops
separation from the CN covered with water at the mo-
ment when maximum oversaturation occurred at the 10-
th second is distinctly seen. For the case presented in
Figure 1(b) the concept of a drop is already smeared
because in the spectrum different from the stationary
spectra of CN covered with water there exist both the
growing and evaporating drops. Therefore, all the drops
covered with water with non-stationary sizes or those
exceeding any size (in the given case—0.4 micrometer)
can be considered drops.

From the figures presented it is seen that under the re-
gime of a constant temperature fine drops are evaporat-
ing and large drops are growing. Such a process takes
place at an air mass updraft at small velocities and high
concentrations of CN. The distribution function formed
in this case has a negative asymmetry coefficient and a
maximum shifted to the right relatively to an average
value.

2.2. Approximation of Calculated Spectra

The well-studied and frequently used for the representa-
tion of cloud spectra two-parameter gamma-distribution,
as is seen from the supplement, has positive values of k

- = &*500
....... H*10
eesss(um-1)*10

10 100 ts

— - Cd/100

Kas

-3
1000

- = g*500 — - Cd/100
<1 A wassess b*5 Kas
cesee -1)*
15 (um-1)*10
10 100 t,s 1000

Figure 1. Trajectories of drop growth (the top figures) and the course of &, C,, rb, k,; and u,, values with multipliers indicated
in the legend (the bottom figures). (a) In the mode of LC, C. = 10? mgfl; (b) In the mode of HC, C. = 10* mgf1 (v=5,T=20°C,

n=100).
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and a maximum shifted to the left. The same peculiarities
belong to the log-normal distribution and to that pro-
posed in [13]. Therefore, they in principle are inapplica-
ble for the approximation of the calculated evolution
spectra. The selection of expressions in the form of the
power law with the exponent from 2.6 to 3 in the left and
the inverse power law with the exponent from 8 to 10 in
the right wings and parabolic in the spectrum center has
demonstrated that such an approach can satisfactorily
describe calculation spectra but is practically inconven-
ient. The for-parameter modified gamma-distribution at a
certain combination of the parameters o and y used in it
may lead to negative values of k.. But it should be men-
tioned that the above-mentioned dimensions are not phy-
sically substantiated.

The only one known to us asymptotic distribution [14]
Jip obtained at solving the differential equations describ-
ing the growth and evolution of crystals in an oversatu-
rated solution without external crystallization centers. In
work [15] was physically substantiated the similarity of
these processes with the evolution processes of cloud
drop spectra not containing salt. This normalized by uni-
ty solution with the use of a relative drop radius u =
r/<r> is written in the form of

) _ 1
34eu CXp( 1—2u/3]
- 7 T u<u0:§
fii/'(u): 23 (u+3)3(3/2—u)3 s “)
3
09 u>u0:E

The main parameters of this distribution have the fol-
lowing values: rb = 0.215, k., = —0.92, u,, = 1.135, flu,,)
= 2.135. It coincides qualitatively with the above proper-
ties of numerical calculations, i.e. it gives broad asymp-
totic spectra with negative asymmetry. The attempts to
introduce into this distribution additional parameters, that
could lead to a possibility to parameterize the calculated
spectra formed on CN, failed.

From the expression it is seen that the value of u oper-
ates in the asymptotic solution as an algebraic combina-
tion with several constants. The introduction of such com-
binations in the above-mentioned distributions can be
made by the method of their mirror transformations with
the use of

O=u,—u 5)

where u,1s similar to u, in Equation (4) and determines
the boundary of the non-zero value of the function.

For the value of y and S-distribution characteristics of
which are given in the Supplement the mirror functions
(fym(u) and fs,,(#)) normalized by unity are written in the
form of
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U
£ 5”’lexp(—,ué')dé', 0<d<u,

fm (u)du = F(y)
0, o2u,,
(62)
g+l _
=T ql+2 exp(—qjdé, 0<5 <y
me(u)du— I'(g+) o o
0, 0 2 uy
(6b)

In spectra (6a and b) the locations of maxima for the
value of J are correspondingly equal to

_/u_l. 5y _ q (6C)

ymax b Smax q+2
For the locations of maximum values of functions (6a

and b) for the approximated spectra to have the values of
u,, the condition of

R (6d)

should be fulfilled.

The substitution of expressions (6¢) into (6a and b)
give the expressions for maximal values maxf of the
function:

(i)
moT 1
(”)(exp(’; ! (6¢)
B q+2 7
max fg, = qF(q+1)exp(q+2).

The problem of choosing the parameters of these dis-
tributions is set in the following way. First the location of
maximum u,, and the value of maxf for a calculated (ex-
perimental) spectrum are determined. After this the val-
ues of 1 and g can be determined by solving the equation
of the direct dependence (6¢e) with one variable. As far as
the inverse dependence in these relationships does not
have exact analytic expressions, the approximation rela-
tionships giving an error of no more than unity of the
second sign after the point at the values of ¢ > 10 were
obtained. They have the form of

/1:6.29(maxf)2—0.9;q:,u—3.2 (69)

After the substitution of the obtained from Equation
(6f) values u or q into Equations (6¢) and (6d) the corre-
sponding value of u,, is determined. Thus the problem of
finding both parameters of the approximation functions
(6a) and (6b) is solved.

Both distributions are the two-parametric ones that
turn to zero at the boundary value of u = u, and do not
turn to zero at u = 0. The latter obstacle should not em-
barrass one, because physics of cloud spectra formation
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points to the presence of the lower boundary of cloud
spectra determined by the maximal equilibrium radius of
the remaining CN covered with water. The moments of
these functions may (with a certain error) be expresses by
the moments of the main functions at the substitution of
the u;, value by oo in the relationship

M, ()= [ £, (8)(u, - 6) do @

up

For narrow distributions this substitution will not re-
sult in a great error. Therefore, below we give the for-
mulae for expressing the first two moments and the rela-
tionships for b obtained with them.

M, ()=Mg, (1)=u,-1; (8a)
M (2)= (-1

My, (2)=(u,=1)" +(q-1)

rb E—l rb E—l . 8c)

™ (u, —1)\/; T (u, —1){Jg -1

With the use of (relationships) correlations 8(c) and
(6¢) and (6d) an iteration scheme for determining the pa-
rameters of distributions (6a) and (6b) can be constructed
on the basis of the known parameters u,, and rb. Such a
procedure may be useful for a description of experiment-
tal spectra for which due to their cut-up character the de-
finition of max/ presents difficulties.

It has been mentioned earlier that a more complex
tree-parametric modified gamma-distribution f,,,(1) with
the parameters a and y, the general form of which is giv-
en in the Supplement, has also the regions (at y > 3) with
negative k,; values. When studying the problem of
choosing the appropriate parameters of this distribution
to approximate the calculation spectra it appeared that for
all the spectra with maxf{u) within the limits from 2.3 to
1.5 the calculation spectra at the evolution stage at a con-
stant height are well approximated by the function f,,,(u)
with the parameter a = 3 at the known value of u,,. As a
result, the case with the distribution f,,,(u) written as

u u:;iw L3ex —ily u
Soy (u)dh uml"(4/7)(7j (”mj p{ y[u'"j ]d

(©))

So this distribution is reduced to the two-parametric
one as well. In particular, its form coincides with the
spectrum (4) at the substitution of u, = 1.1345 and y =
16.3. The maximum of function (9) occurs at u = u,,. It is
expressed by a rather complex dependence on the para-
meter y not having an exact analytic expression for the
inverse function. That is why it is not given here. The
approximation expression for the inverse function was

; (8b)

1
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obtained in the form having an error no more than unity
of the first sign after the point at 2 <y <20

y=2+43(u, max £ —1)+2.85(u, max £ ~1)° (9a)

The approximation expression between rb and y with
account for the asymptotic value from the Supplement
for b for high values of y was obtained in the form of

- (9b)
3(rb-1/24)"

Relationship (9b) can be applied directly for deter-
mining the parameter y at approximating experimental
spectra by distribution (9).

y(rb,a 23):

2.3. Results of Calculated and Approximated
Spectra Comparison

The results of calculated and approximated spectra com-
parison for updraft beginning and ceasing of evolution
process at a constant temperature are given in Figures
2(a) and (b). For convenience of formation of the figure
here and later on the Greek y is substituted by the Latin g.

From this figure it is seen that the set of distributions
Jmg> Jemand fs,, makes it possible to adequately reproduce
the shape of the calculation spectra during the whole
process of formation and evolution of cloud drop spectra.
From comparison at other updraft heights, CN concentra-
tions and other parameters it appeared that at all the re-
gimes studied the set of three functions f,,e, fem and fs,
describes rather well the calculated spectra in the range
of 0.3 <u < 1.4. In a general case it is possible to rec-
ommend after the definition of parameters for these dis-
tributions to choose out of three the best coincidence k,
of the approximation spectrum. The existing difference at
u > 1.4 can be removed by applying the inverse power
law to this part.

2.4. Approximation Relationships for Integral
Parameters of the Initial Stage of
Condensation for Regime of LC

The studies of maximum oversaturation ¢,, and other pa-
rameters effect on the updraft velocity 7, CN concentra-
tion C,, the index v, air mass temperature 7 and pressure
p were performed at the subdivision into 1000 intervals.
Studied were the ranges of ¥ = 0.1 + 10 m/s, C, = 10> =
10* (1/mg) at r,,p = 0.1 um, v from 4 to §, 7. = —10 +
+30°C and p = 0.8 + 1.25 atm. In the relationships pre-
sented below the measurement units are valid.

As a result, it appeared that at LC ¢, can be approxi-
mated via the following relationships:

gm(CC,V,T):ng(T)[C%J” [#T)J
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Figure 2. Comparison of calculated f.,; and the approximation spectra for the time moments (a) 11 s, (b) 30 s (termination of
updraft), (c) 275 s (the moment of reaching rb = 0.215) and (d) 3600 s after the beginning of the process.

1.05 1

DX
(V+l)2/3

- v+1
Vs (T, C,= 100) =0.82+0.0097,

(10)

The height of the updraft 4,, at which ¢, is attained is
practically proportional to ¢, and is determined by the
relationship similar to (10). Let us write this relationship
in the form of

hn1(Cc’V’T)=hmO (T)(CC_C] [V I/('T)J (11)

where the exponents x and y are determined by formulae
(10) and the values of %,, (20°C) = 10 m and V3, (20°C)
=0.42 m/s at C,o= 100 mg .

At the heights & = 2h,, and 3h,, the drop liquid con-
tent makes 80% and 90% as compared with the ther-
modynamic one, correspondingly. Note that for the mode
of LC an approximation error (11) does not exceed the
units of percent.

The analytic regularities for the drop concentration C,
(1/mg) for the mode of LC can be obtained by integration
over ¢ from 0 to ¢, of the nucleus distribution function
over oversaturation (10). But for the errors from there not
to be included here, an approximation for the drop con-
centration was obtained on the basis of its own calcula-
tions. It has the form of:

C, (Y
Ci=Co| == | |7
Cck I/kO
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&, (T,C, =100) = 0.62 —0.005T, .

v+5

v—1
W—OOI(V—SS)

z=0.707

c, (T)=114+0.4TC

Vo (T)=0.26+0.07T,

C, =200(mg™). (12)

We shall note that in our calculations the dependence
relation (10)-(12) on p has not been found.

The comparison of the above-mentioned relationships
for the indices X, y, s and z with the corresponding values
[2] has shown an extremely good numerical agreement
(despite the difference in expressions) for the values of ¢
and y obtained without corrections for hygroscopicity,
the jumps of vapor concentration and temperature. The
values of x and especially of s are noticeably different
from our results. The relationship presented in [4] for the
parameter z coincides with [2] and for the parameter s it
numerically corresponds to our relationships with a dif-
ference in the analytic expression.

The condition of LC, at which relations (10)-(12) are
valid, can be expressed by the following rather approxi-
mate relationship of drop concentration dependence on
air mass updraft velocity (m/s) and temperature (°C).

C;¢ (1/mg)<(950-5T. )V (13)
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2.5. Evolution of Cloud Parameters at a
Constant Height

A calculated character of integral parameters behavior at
a constant temperature depending on the conditions of
their formation at an ascending air mass is illustrated in
Figures 3(a)-(c).

From the data presented in these figures and calcula-
tion for other conditions it follows that under evolution at
a constant temperature a relative dispersion increase with
time and tends to the theoretical limit b = 0.215 at low
concentrations of CN (C, = 10” in Figure 4(b)) and high
liquid water content (2 = 100 m in Figure 4(a)). At in-
creasing CCN the asymptotic limit 7b grows.

From the figures it is also seen that in some time after
the air mass ascent ceased depending on the value of 4,
the growth of the drop average mass starts to acquire a

[ *10  —— Cd/200  ++++<md>*100 |
3 -
(a)

2.5 1

2 -
15 :

-
05 1 ..........-.:_-.-.\-“"’ N e

% 1000 2000 3000 4000 5000

0 1000 2000 3000 4000 5000

\ ©

.
secesess Ty,
Peccosecec®

0 1000 2000 3000 4000 L 5000

>

Figure 3. Dependence (V' = 1 m/s) of an average drop mass
<mg (1071 g), C, (mg_l) and relative breadth rb on time at
different: (a) Updraft heights (C. = 500, 7 = 20°C); (b) CN
concentrations (2 = 30 m, 7 = 20°C) and (c¢) Temperatures
(h =30 m, C, = 500). The data are multiplied by the coeffi-
cients from the legend.
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linear regularity determined in [14] with time counted
from the moment #,. The coefficient a of this dependence
weakly depends on the updraft height (drop liquid con-
tent) and increases insignificantly with a growing CN
concentration and becomes especially noticeable at a
temperature increase. Considering only the dependence
on temperature and taking into consideration the range of
the value of a changes at varying # and C,, this depend-
ence can be written in the form of

m, (t)=m, (t,)+a(T,h,W, )(1—1,),

(14)
a=(1/2)-107" (1+0,057, )(g/s).

The moment when the regularity comes into action ¢,
strongly depends on the initial breadth of spectra and
may last several hours at #b =~ 0.01. We shall not analyze
these dependences in detail in this work.

2.6. Formation of Multi-Modal Drop Spectra

A fast growth of updraft velocity can result in the ap-
pearance in the spectrum the drops of the second kind.
An illustration of such a condition is given in Figure 4,
where for two CN concentrations given are the trajecto-
ries of particle sizes at an increase of updraft velocity by
5 times.

From the results of calculations for the parameters,
given in p. 2.3, it appeared that the condition for the ap-
pearance of the second mode V2 > 5V1 does not practi-
cally depend on the C. and the velocity V1. For a cloud
medium remaining for some time at a constant height,
the appearance of the second mode is possible at the up-
draft velocities of V'~ 0.2 m/s.

3. Experimental Studies of Cloud
Microstructure Formation Processes in
the Chamber and Natural Conditions

3.1. Description and Results of Experiments in
Chamber

Experimental studies of regularities of cloud spectra for-
mation and transformation were performed in the BAC
(Big Aerosol Chamber) of RPA “Typhoon” [16] (cylin-
der of the height of 18 and diameter of 15 m), where an
air mass updraft was simulated by dropping excessive
pressure created earlier. The Chamber is equipped with
the temperature and humidity sensors with the use of
standard instrumentation and a photo-electric counter of
water drops FIROK operating in the range of cloud drop
radii from 0.5 to 50 micrometer [17].

A change of updraft equivalent velocity is ensured by
the change of a corresponding pressure dropping rate.
The conditions of isothermality were ensured by a termi-
nation of the process of pressure dropping at equal tem-
perature in the Chamber and the temperature of its walls.
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® =
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Figure 4. Trajectories of particles at a strong growth of updraft velocity at moment r=30s (V1 =1 m/s, T=20°C, v=>5).

The composition of CN was determined by their content
in the environmental air. CN spectra and composition
was not controlled, but the stability of their characteris-
tics was checked by the reproducibility of characteristics
of cloud drop spectra formed under similar conditions of
pressure dropping. Some experimental results obtained
with the use of the BAC were reported at the 13-th Con-
ference on Cloud Physics [18] without a comparison with
the calculation data. The present paper gives new results
with a corresponding comparison.

At the first stage studied was a dependence of cloud
drop concentration on the equivalent velocity of air mass
updraft. It appeared that the experimental points coincide
best of all with the calculated ones at v =5, C. = 10*
(1/mg). Such high concentrations of condensation nuclei
are explained by the fact that the air is pumped into the
chamber from the height of only 20 m. The formation of
spectra at such CN concentration occurs in the HC mode.
Therefore, in the experiments in the BAC no narrow
spectra were observed. Their form is stabilized in some
time. The dependence of cloud parameters on time con-
nected with drop spectra is shown in Figure 5, where for
an updraft cycle to 200 m with the velocity of 1 m/s (af-
ter which the air temperature in the chamber becomes
equal to the wall temperature) shown is the curve of an
average drop mass, and their concentration and a relative
width of spectra depending on time.

From the figure it is seen that the relative spectrum
width changes little during the whole process, the aver-
age drop mass grows linearly just after the updraft termi-
nation with the growth coefficient, that is almost twice as
that in the calculated relationship (14). The observation
of spectra form made during the process showed its suf-
ficient stability.

A comparison of spectra obtained in two different ex-
periments (without and with cleaning of the air from ae-
rosols) is shown in Figure 6.

From the comparison it is seen that for the approxima-
tion of the experimental spectra most reasonable is the
function f;,. Without taking into consideration the dif-
ferences in the range of small values of u, we shall note
that at u > 1.4 the experimental spectra are a little greater
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than the approximation ones. They are higher for the
spectrum a) than for the spectrum b). Such an excess was
noted for the calculated spectra as well. The experiments
with the formation of the second mode demonstrated that
for the updraft velocities V1 = 0.3 - 1 m/s the appearance
of the second mode was noted at V2 = (4.5 - 5)V1, that
corresponds to the calculated values of this relationship.
For cloud spectra after 10 min of evolution at a constant
temperature the appearance of the second mode was
noted at V' = 0.2 m/s, that qualitatively agrees with the
calculated results obtained. Figure 7 is an illustration of
spectra formation and transformation.

From this figure it is seen that already at the 20-th
second of the updraft beginning a fine-drop spectrum
fraction is formed. Before the 260-th second the spec-
trum becomes a bimodal one. Later both modes merge.

3.2. Comparison with Field Measurements of
Cloud and Fog Drop Spectra

Headings Measurements of natural fog drop spectra were
made by one of the authors [19,20]. In [19] appearance
of two-modal spectra over the hill-like risings of the fog
upper boundary level was noted. In view of the condi-
tions of the second mode formation created above at
small updraft velocities in stationary clouds we have now
an explanation of the appearance of this mode. It is the
presence of a convective updraft causing a local increase
of the fog upper boundary. Due to a low resolution of the
drop spectrum counter, the spectra shown are not reliably
comparable with the approximation relationships. The re-
gistration of two- and even of three-modal spectra in
China was mentioned in the review [21].

In [20] the results of measurements of drop spectra of
a warm fog formed as a result of morning dew evapora-
tion into the cold morning humid air are presented. Dur-
ing these measurements an improved instrumentation de-
scribed in this paper was used. But because of the ab-
sence of an adequate model no approximation was made.
The next figure gives the comparison of one of this fog
spectrum with the approximations proposed above.

The measurements of stratiform super cooled cloud
drop spectra were carried out from a helicopter in 2000
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Figure 5. Dependence of C,; (em™), <m> (microgram) and
its approximation by the linear law for a cycle of updraft to
the altitude of 200 m and a further evolution of the cloud
medium, 7 = 200 s is the time of the discharge termination.
The data are multiplied by the coefficients from the legend.
An average temperature of the process is equal to 20°C.
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Figure 6. Comparison of an experimental in BAC and ap-
proximation spectra with u, = 1.1 for the conditions: (a)
without cleaning (<r> 5.1 pm, C, = 800 em’, y=7.6,u=17,
q = 14) and (b) with the cleaning of the air medium (<r>=8
pm, C;=300 cm >, y=10.4, u =22, g =19).
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Figure 7. Formation of the second mode at the updraft ve-
locity of 0.2 m/s after fog evolution at a constant height
(temperature). The numbers at the curves indicate time in
seconds from the updraft beginning.
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in the Northern Caucasus Mountains. An average cloud
thickness was 250 - 300 with the upper level boundary of
1300 m. The cloud medium temperature was about minus
10°C at the lower level; it decreased with height by about
0.5 degree with the inversion at the upper boundary (UB)
with about 2 degrees. An average drop radius increased
with height and reached the value of 3.0 - 3.5 um near
the UB. The results of these measurements have not been
published because the differences connected with their
analytic description. A comparison of two spectra meas-
ured near the UB with the approximation ones is shown
in Figure 8.

The spectra a and b differ only in the time of their
measurements at the same heights. The jagged form of
spectrum lines is explained by a short time of spectrum
sampling (5 s at the helicopter horizontal flight velocity
of about 50 m/s). One can note a plateau in the left-hand
portion of experimental spectra. For its description it is
possible to use the spectrum of CN covered with water
(2), but for a reliable determination the number of meas-
urements of small sizes is insufficient. Therefore, we
shall only make a conclusion on an adequate description
of the drop fraction of the investigated cloud spectra with
the distributions like f,,, and fg,,.

4. Main Results and Conclusions

A On the basis of the calculations made with the model
of cloud spectra formation and evolution it has been
found that the formation processes differ qualitatively
depending on CN concentrations. At small CN concen-
trations (the mode of LC) narrow spectra of cloud drops

2 -
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1.5 }r—rfé(’“d q=130,ub=197
...... fgm r107C1 =29 wm
b _cl=025
14
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O s
0 0.5 1 1.5 2
25
f(w) y=85
1=19.5 ub=2.03
2 [ ——t_cloud q=163,ub=197
...... fmg r10_cl=3.0 ym
1.5 b =023
1
0.5
0 il | } ndh ‘
0 0.5 1 1.5 2

Figure 8. A drop spectrum of a super cooled stratiform
cloud and its approximation.
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are formed already at the height of about 10 meters from
the condensation level, a relative drop dispersion of
which quickly decreases with increasing height. For high
concentrations (the mode of HC) no distinct separation of
growing drops and CN covered with water is observed
due to the immediately beginning evaporation of the
drops. The boundary of separation of these modes in
view of cloud drop concentrations is almost proportional
to the air mass updraft velocity with the coefficient, de-
creasing with increasing temperature. But when the up-
draft is terminated, the evolution of spectra both in the
first and the second case leads to the appearance of as-
ymptotic spectra, a relative dispersion of which depends
generally only on the condensation nuclei concentration
and changes from the theoretical value of »b = 0.215 for
the spectra at very low to »b = 0.25 + 0.28 at high CN
concentrations

At all the stages of formation and evolution, the calcu-
lation spectra have the negative asymmetry coefficient
and a shifted from the mean value (towards high positive
values) location of maxima. At the results of analysis of
analytical relations it is assumed that for the mirror func-
tions f,,, the well-known gamma distributions and less-
known Smirnov’s formulae f;,, and also a modified gam-
ma-spectrum fg,, with the fixed parameter a = 3 are ap-
plicable. The reconstruction of the parameters of the
above-mentioned distributions is made with the use of
location and amplitude of the spectrum maximum. The
choice of a most-applicable from those mentioned above
(and also of other possible mirror distributions) can be
made with the use of best coincidence of asymmetry co-
efficients. Here, most reasonable for us is the use in the
numerator of expression (3s) of the value u,, instead of
Uio.

The dependences of integral parameters (drop concen-
tration, maximum supersaturation, etc.) on the updraft
velocity, CN concentration and temperature given in this
paper make the results obtained previously more accurate
and broad. It is shown that the conditions of appearance
of additional modes in drop spectra during updraft at an
excess of additional increase of updraft velocity by 4.5 - 5

f(u) y=725
p=173ub=2.02
15 — q=14.1,ub=1.96
° tf,r_nf;’& rl0_fog=9.0 ym
...... tb_fog=0.26

0 0.5 1 15 u 2

Figure 9. Approximation of the morning fog drop spectrum
mentioned in [20].
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times are studied. During spectra evolution at a constant

height the process of additional mode formation can oc-

cur at updraft velocities of 0.1 - 0.2 m/s. This conclu-
sion was confirmed by the experiment in the BAC.

Experimental spectra obtained in the Big Aerosol
Chamber of FSBI RPA “Typhoon” and the natural fog
and supercooled stratiform cloud spectra obtained by the
authors are well approximated by Smirnov’s distribution
Jsm- The modified gamma-distribution f,,, in the frame-
works of uncertainties in the experimental spectra can be
considered applicable as well.

One can draw the following conclusions on the pecu-
liarities of natural cloud spectra formation with the use of
the results obtained:

e Broad spectra in natural cloud spectra can be ex-
plained both by a great CN concentration and evolu-
tion of cloud microstructure under steady meteoro-
logical conditions;

e The first argument can be supported by the following
consideration: drop concentrations of 300 - 800 cm
existing in continental stratiform clouds at equivalent
velocities of cloud clusters and fog formation of 0.1
m/s and less, according to the condition of (13), can
be formed only in the mode of HC;

e An effect of cloud drop spectrum broadening under
evolution, with the exception of the evident case of
stratiform cloud formation, can be possible also in cu-
mulus clouds (especially at their upper boundary) in
the presence in them of regions with zero and even
negative air mass updraft velocities [7,8];

e The multimodality of natural spectra is likely to be
caused by the fluctuation of air mass vertical motions.
This conclusion is supported by the bimodal spectra
observed in the hilly formations at the fog upper
boundary [19]. The formation of an additional mode
at vertical fluctuations of a cloud layer even at the
velocities of several tenths of m/s may lead in reality
to a considerable drop spectrum broadening and to
stimulation of coagulation processes in clouds. They
may serve as a trigger mechanism for precipitation
formation from warm clouds;

e The spectra of natural fogs and stratified clouds (see
Figures 8 and 9) have the form described by Smir-
nov’s mirror distribution and the modified gamma-
distribution with the parameter a = 3. The spectra of
various forms of natural objects are likely to be pre-
sented by these analytic expressions.
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Supplement
Moments of the n-th order
2 M (n)
= wyu"dr; u,,  =————.
Jrtdrs e =502
Relative Breadth
(M@m() )"
oM

Asymmetry coefficients

k =
as rbS

M (3)=3M (2)uyy +3M (1)ujy — M (0)us, _

(1s)

(2s)

(3s)

Gamma-distribution described, in particular, in [22].

"

fy(u)du—r’t(lﬂ) “exp(—pu)du;
M, (n) = ( o )) ,u(p+1);l.n(lu+n—1);
_ _ _pu+l
M, 0)= 4, ) =1, v, ()=
1 2

-1 pu-1)"
m= S, ) = exp(1-p
() =F o)
Distribution proposed in [13] at s = 1
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(4s)

(4sa)

(4sb)

(4sc)

(4sd)

(5s)
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_q"F(q—n+1)_ q" .
MS(uvn)_ F(q+1) _q(q—l)(q—n+l)’ (Ssa)
umzi =1,rb= k. e (q_l). (5sb)

q+2 Jq— q-2

Modified gamma-distribution f,,:

o)=L M(L] exp(_g[LU; o
mr(a+1j y\r,
y
F(OH—H—HJ
M, (n)=—"n — (652)

( a j; r [a-l—lj
y e

Direct expressions for rb and k, for this distribution
are rather complex and therefore it would be better sim-
ply to calculate them with the use of moments (6sa) and
expressions (2s) and (3s), correspondingly.

Let us note only two limited cases. i.e. at y = 1 distri-
bution (6s) reduce to similar (4s) with £ = a + 1. When y
>> q with the account for the tendency of the functions
I'(z) = 1/z at z—0 for b we obtain the following asymp-
totic relationship

1

e =) ey

(6sb)
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