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Preface

This report is based on a thesis submitted in partial fulfillment of
the requirements for a master of science degree in meteorology by Klaus M.
Weickmann.

A very serious defect in studies of cloud microphysics is the lack of
a technique to measure the concentration of ice nuclei that is representa-
tive 6f_the cloud environment. Much of the difficulty in making such mea-
surements stems from incomplete information on the conditions under which
ice nuclei are activated within the various devices currently used to mea-
sure ice nuclei. Mr. Weickmann's report concerns the settling cloud chamber.
A similar device received high marks at recent ice nucleus counter intercom-
parison workshops. The results of a numerical model of this chambep repre-
sent a significant step toward understanding the environmental conditions
under which ice nucleation take place in the chamber. However, only diffu-
sion, drop condensation and evaporation, and sedimentation processes are
- presently incorporated into the model. The results are, however, so encour-
aging that we intend to include the ice phase and ice nucleatioﬁ mechanisms

as the next level of model sophistication.

Wm. Richard Barchet
Co-principal Investigator
December 1976 '
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ABSTRACT

The influencé of chamber relative humidity and liquid
water content on ice nucleation prompted a time-dependent,
one—dimensional.numerical simulation of the conditions
~within a settliné cloud chamber. In such a chamber vapor
is made available for droplet and crystal growth by evapora-
tion and diffusibn from a warm, moist top plate to the
chamber. The lower two-thirds of the chamber is kept
essentially isothermal and provides a nearly steady-state
environment for ice nucleation and crystal growth.

The model incorporates diffusion of water vapor and
_ heat, sorption of water by hygroscopic nuclei, growth of
haze particles at subcritical saturation, activation of
haze into growing drops, condensational growth of the
drops, sedimentation of drops and haze particles through
the depth of the chamber, énd evaporation of drops and haze
in the drier portion of the chamber. Saturation ratio,
liquid water content, droplet concentration, droplet.siZe
spectra and temperature and vapor density profile evolution
are outputs from the model. Inputs consist of initial
temperature and moisture distributions as well as a nucleus
size distribution. Boundary conditions are specified by

actual measurements on such a chamber.
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The results indicate that, with an input of nucleij
having critical supersaturations of >1%, high supersatura-
tions should be expected in the upper 8 cm of the SsccC.
Conditions in the lower portion of the chamber rapidly be-
comé more uniform with time and remain so while droplets
are being nucleated in the upper layers. The implications
"of these results for ice nucleus measurements with the SCC

are discussed.
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I. Introduction

One of the most important variables to be considered
when studying the initial evolution of droplet and ice
‘crystal distributions within natural clouds is the spatial
and temporal variation of supersaturation. The maximum
Supersaturation reached within a cloud to a large extent
determines the number of condensation nuclei that are
activated into growing drops. The influence of supersatur-
ation on ice nucleation has been recently addressed by
several authors, e.g., Gagin (1974) and Huffman (1973),
and may be of great importance in determining the ice.
crystal concentration within a cloud.

The measurement of atmospheric aerosols important_for
the nucleation of drops and ice crystals within cléuds is
generally carried out in the labofatory utilizing various
types of cloud chambers. Understanding these measurements
“and applying the results to infer droplet and ice crystal
distributions within natural clouds requires detailed
knowledge of cloud chamber conditions, as well as ambient

atmospheric conditions.



A. Literature Survey

The main effort in past studies to determine condi-
tions within cloud chambers has focused on the thermal
gradient diffusion chamber (TGDC) which is used to measure
the cloud condensation nucleus (CCN) spectra of sampled
cloud air as a function of supersaturation. Since direct
measurement of supersaturation is not feasible with an
accuracy required for use in cloud physics, conditions
within these chambers have generally been determined
numerically. Supersaturation within the chamber is pro-
duced by diffusion of heat and water vapor between two
moist surfaces at slightly different temperatures.

Wieland (1956), ignoring second order effects which result
in slightly non-linear gradients of temperature (T) and
vapor density(pv), determined the steady state distribu-
tion of supersaturation within the TGDC and using a series
of cells with different top temperatures obtained nucleus
activity spectra. ‘

Twoomey (1959) suggested use of a chemical gradient
diffusion chamber to minimize transient supersaturations
caused by temperature differences between contained air and
the walls, and used an optical technique to count nucleated
drops. He assumed linear vapor pressure and temperature
gradients for his supersaturation determination, but

emphasized the limitations of ignoring the vapor sink and



heat source of growing droplets. Twoomey (1963) and
Elliot (1971) discussed the effect on the supersaturation
of the radial diffusion of heat from the walls with the
latter suggesting an aspect ratio (diameter/height) of

v 6 or 7 in order to mitigate wall effects. Saxena ét al
(1970) and Fitzgerald (1970) analyzed the problem of
transient supersaturations associated with introducing an
air sample at a temperature less than the top plate temp-
erature and obtained analytical solutions to the time
dependent heat and moisture diffusion equations. The
former also present an extensive historical summary of
the TGDC and its various applications in studying homo-
geneous and heterogeneous nucleation. Fitzgerald (1972)
researched the effect of ignoring mass diffusion due to a
temperature gradient (see Katz and Mirabel, 1975) and the -
temperature dependence of the mass and heat diffusivities
in calculating the steady state supersaturation profile.
The most complete theoretical analysis of steady-state
Supersaturation profiles in TGDC was done by Katz and
Mirabel (1975). They concluded that the assumption of

linear temperature and vapor pressure gradients for calcu-

lating the maximum supetsaturation give results accuraté
to within 1% of the more complete solution. Their more
rigorous solution takes into account: 1) the mass flux
due to a temperature gradient (Soret effect), 2) the heat

flux carried by the flux of vapor molecules, and 3) the
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heat flux due to a concentration gradient (Dufour effect).
Squires (1972) experimentally confirmed an earlier compﬁ-
tation by Twoomey (the details of which are not published)
which‘suggested that the vapor sink does not become impor-
tant until a droplet concentration of lOOO/cm3 at a
supersaturation of 1% is reached. Squires' paper also
gives an excellent summary of the various factors that in-
fluence the actual maximum supersaturation achieved in tﬁe
TGDC and those that limit its operation at very low super-
saturations (see also Fitzgerald,_l972).

Recently Alofs and Carstens (1976) performed a
numerical study of a TGDC by calculating the condensational
growth and subsequent sedimentation of an initial pre-
scribed nucleus distribution at various discrete levels
within the chamber. Transient supersaturation profiles
used in the study were based on the analytic solutions of
Saxena et al (1970) and Fitzgerald (1970) to the diffusion
equations. Vapor depletion and latent heat release were
not considered. Results showing instrument droplet count
versus actual count were presented for various supersatura-
tions, nucleus distributions and drop size detector limits.
Potentially large errors in couﬂting CCN were found, al-
though the authors suggest that basic conclusions drawn
from these measurements in the past will not be seriously

affected.



Despite the limitations of TGDC, in general good
correspondence between measured CCN spectra and the drop-
let distributions within sampled clouds have been re-
ported (Fitzgerald, 1972; Squires and Twoomey, 1961 and
others). Ruskin and Kocmond (1971) also report excellent
agreement between CCN measurements made by different types
of TGDC.

Much less success has been achieved in attempts to
make the more difficult ice nucleus (IN) measurements. A
wide variety of instruments have been used to measure ice
nucleus concentrations yet actual conditions relevant for
the activation of ice nuclei within these instruments,
€.9., supersaturation, liquid water content and droplet
spectrum and concentration, are usually only described
qualitatively;Ahow'these differ from device to device is
not known. Conclusions from two recent ice nucleus work-
shops (Bigg, 1971; Vvali, 1975; Juisto and Lavoie, 1975)
suggest that the discrepancies between different devices
may, in particular, be a result of differences in super-
saturation achieved - yet few quantitative estimates of the
supersaturation within the instruments are avaiable.

Lala and Juisto (1972) developed a 1-D, time dependent
numerical model to study the humidity fields within a TGDC
used for measuring ice nucleus concentrations on membrane
filters. The humidity distribution was determined by the

combined effects of vapor diffusion to the filter surface
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and activation and growth of condensation nuclei (CN) and
IN on the filter surface (vapor sink). The results sug-
gested that water saturation is generally not reached above
the filter surface and that the maximum humidities reached
decrease with an increasing number of particles on the
filter. Huffman and Vali (1973) emphasized the three

>dimensionality of the vapor field above the filter surface
and derived an average "area of effect" for a vapor sink
on the surface (CN or IN). They then obtained a correction
factor fof the IN measurement based on (1) their "area of
effect" model, (2) the number of ice crystals observed on
the filter, and (3) an independent measurement of the
hygroscopic particles on the filter.

Beyond the extensive work done with TGDC used for CCN
measurements and the studies of vapor depletion above mem-
brane filter surfaces, little else has been done to deter-
mine the time and space development of supersaturation
within cloud chambers, especially those used for ice
nucleus measurements. This thesis addresses the problem
of the variation of humidities and particle distributions
within a settling cloud chamber (SCC) through application
of a 1-D, time dependent numeriéal*model. The SCC is one
of a variety of instruments being used to measure ice
nucleus concentrations. First developed by Ohtake and
Isaha (1961), the SCC has been tested extensively during

several international workshops convened to evaluate ice
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nucleus measurements. One advantage often cited for the SCC
is the close simulation of natural cloud conditions pro-
vided in the lower portions of the chamber (Bigg, 1971).
For a discussion of other advantages and disadvantages as
well as recent suggestions for improved operation see

Ohtake (1976, 1971).
B. Settling Cloud Chamber

In principle, the SCC is a combination of a thermal
gradient diffusion chamber in which cloud droplets are
formed and a subfreezing, isothermal chamber in which ice
nucleation by nearly all mechanisms can occur. The bottom
two-thirds of the chamber is kept isothermal by a circu-
lating coolant. A strong stable gradient of temperature
and moisture is produced above the isothermal layer by a
heated, moist top. Prior to the formation of the cloud,
the chamber is relatively dry; however, after the heated
moist top is in place downward diffusion of vapor and heat
rapidly supersaturates the upper portion of the chamber.
Condensation nuclei in this region sorb water, become
haze drops, grow beyond their critical size, and continue
growth as cloud droplets. The drops settle at their
terminal velocity into the lower cold portion of the cham-
ber. Evaporation of these droplets brings the humidity
quickly to saturation in this region of the SCC. Eventu-

ally the cloud penetrates to the chamber floor and a nearly



steady-state, approximately water saturated, growth'
environment exists in the isothermal portion of the cham-
ber.

The specific SCC to be modelled in this thesis was
constructed at the University of Wisconsin for use in an
ice nucleus inhibition study (Barchet, 1976). 1In this
study the effect of exposing AgI aerosol to small concen-
trations of various amine gases was investigated. Alter-
nately treated and untreated AgI particles were injected
into the SCC approximately 5 minutes after cloud initia-
tion. Any differences in subsequent ice crystal counts
within a sugar tray at chamber bottom were récorded. In
order to minimize the possibility of spurious ice crystal
formation the air giving rise to the chamber cloud was
filtered such that particles of sizes > 0.3 pm were mostly
excluded. As a consequence the numerical results pre-
sented concentrate on the chamber conditions for initial
CN distributions with critical supersaturations of > 1%.
Under normal operating conditions i.e., when used strictly
as an ice nucleus counter, no filtration of the air occurs
and the entire ambient nuclei distribution gives rise to
the chamber cloud. A

Figure 1 shows the vertical temperature gradient
actually measured in the Wisconsin SCC before and after
cloud formation. The temperature distribution with the

cloud is representative of a quasi steady-state attained
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the SCC prior to and after cloud formation.
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in the chamber between the vertical and radial diffusion
of heat and moisture, and the initial nucleus distribution
(i.e., sources and sinks of heat and moisture). This
state is manifested by the formation of a distinctive
cloud top 6-8 cm below the cloud former bottom. The
phenomena generally occurs about 4-5 minutes after the
cloud former has been put into place. Some speculation as
to the physical processes at work and the extent to which
the model simulated this quasi-steady state will be made
later in the thesis.

In summary, the model to be described has been formu-
lated to study the initial moistening and droplet nuclea-
tion process within the SCC constructed at Wisconsin.
Primary output will consist of the time development of the
saturation ratio (SR), the liquid water content (LWC) , and
the total droplet concentration (DC) within each model
layer. Other parameters such as number density of the
evolving droplet distribution and, in particular, the
vertical temperature gradient will be discussed. The
relevance of the model results to the use of the SCC és

an ice nucleus counter will also be discussed.



II. Cloud Chamber Model

Previous investigations into the microphysical condi-
tions within various cloud chambers have been concerned
with: (1) steady-state profiles of temperature and vapor
pressure within TGDC, (2) the extent of transient super-
saturations in TGDC and how to avoid them, (3) the optimum
depth of TGDCs so that steady state conditions are reached
quickly while still allowing nucleated drops to reach a
detectable size, and (4) the effect of vapor depletion
above membrane filters while making ice nucleus measure-
ments.

The actual temporal and spatial development of the
supersaturation, droplet distribution and LWC have not been
investigated numerically although measurements of the
latter two have been conducted (Ohtake, 1971; Cole, 1970).
A detailed microphysical model describing cloud chamber
processes is a way to document the differences in nucleation
and growth environment found in different cloud chambers;
and therefore might provide clues for the observed dif-
ferences in performance particularly with regard to ice
nucleus measurements.

11
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Since the cloud chambers being studied (SCC and TGDC)
are stably stratified, to a first approximation motion of
the air can be neglected. The main emphasis can thus be
placed on formulating the microphysics as accurately as
possible, although in the present model some simplifica-
tions are still made in treating droplet development from

a dry nucleus distribution.

A. Numerical Model

1. Model Description. The physical processes occur-

riﬁg in the SCC are simulated with a 1-D, time dependent
numerical model with detailed microphysics of the conden-
sation process; ice nucleation is not modelled. Vertical
diffusion of heat and moisture are treated explicitly in
the model while radial diffusion forced by colder and
drier walls is parameterized. The initial (precloud)
temperature distribution is based on actual measurement in
.the SCC, while the initial vapor density distribution is
assumed to be vertically uniform. Top and bottom boundary
conditions for T and p, are 420C and 56.6 gm m_3, re-
spectively at chamber tob and -15.5°C and 1.3 gm m_3 at
chamber bottom, 30 cm below the~topf The boundary condi-
tions at the walls will be given in conjunction with the

discussion of the parameterized radial fluxes.
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2. Nucleus Distribution. The CN available to the

chamber are assumed to be pure spherical NaCl particles
distributed in a spectrum as shown in Figure 2. For the
basic model runs the distribution is discretized into 45
bins which vary logarithmically from 1.67 x lO—ZOgm

10gm (3.0 pm) corresponding to

(0.001 ym) to 2.4 x 10"
critical saturation ratios (S*) from 1.30 to 1.00001.
The number density function (following notation used by
Berry, 1967) for the Aitken nuclei (rs < 0f03 pm) is

given by
f<logr_> = 3.0 x 10" r
s s

f<m_> = 4.13 x 10/ ms"°'767

for particle radius (rs) in centimeters and particle mass

(ms) in grams, while nuclei with rg 2 .03 (m are assumed

to follow a Junge distribution

f<logr> = 5.57 x 1072 p_~2-85

6.55 x 1012 ms'1‘95 .

f<m >
S

Initial nuclei number (N) and mass (M) within a bin are ob-
tained by integration over the appropriate bin limits:

N =7/ f<ms> dm , M=/ m f<ms> dm .
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3. Hydrometeor Treatment. Droplets and haze parti-

Cles are the hydrometeors resolved in the model. The
change of their respective distributions by condensational
growth is treated differently for the two hydrometeor
classes. waell‘(1949), Mordy (1959), and Nieburger and
Chien (1960) performed a Lagrangian calculation of conden-
sation on an initially discretized CN distribution. 1In
this approach, the hydrometeors are allowed to exist at
the actual radius calculated after each time step; the
number in a given initial CN interval remains constant.
Figure 3, from Mordy (1959), illustrates the result of a
strictly Lagrangian based condensation calculation.

In the model, haze growth is Lagrangian since the
dissolved solute mass (i.e., the center mass in the
initial nucleus bin) remains fixed, whereas the haze
particle itself can take on any radius value. For each
haze bin a mean mass radius, based on the amount of solute
mass, water mass and the initial number of nuclei, is com-.
puted after each time step. This variable radius is then
used to determine mass growth and sedimentation for hydro-
meteors which occupy the bin.

Alternatively the basis for the condensation calcu-
lation can be Eulerian, in which case the distribution
size intervals are fixed for all time. This often becomes
a necessity as more physical processes, such as nucleation,

sedimentation, and collision-coalescence, are considered.
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The problem now becomes one of transforming the results

of an inherently Lagrangian condensation calculation to

an Eulerian form after each time step. Various schemes
including interpolation (Arnason and Greenfield, 1972 and
Kovetz and Olund, 1969), moment conservation (Eagan and
Mahoney, 1972), and finite differentiation (Clark, 1973),
have been used to achieve this transformation. Berry and
Rheinhardt (1973) performed a detailed study to determine
the most accurate conversion scheme and concluded that the
moment conserving scheme of Eagan and Mahoney, modified so
ﬁhat droplets can move in either direction within the dis-
tribution, gave the best results. In the model a scheme
proposed by Young (1974) which has some similarities to
the moment conserving one is used. Droplet growth, there-
fore, is treated in an Eulerian framework with 45
logérithmicaLly spaced radius bins ranging from .004 um to
18 pm.

The vertical transfer of hydrometeors by sedimentation
is an important part of the model. The vertical resolution
is 1 cm and hydrometeors can fall into any of the lower
model layers. Haze particles which evaporate in drier
layers are returned to the proper CN bin, however the salt
mass within drops that evaporate is lost since drops are
assumed to be dilute. Stokes' law is used for cémputing

terminal velocities.
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B. Model Processes and Equations

1. Nuclei Transformation or Haze Particle Activation

a. Full model version. The initial CN are

assumed to be uniformly distributed throughout the chamber.
Nuclei begin their transformation into satufated solution
droplets (haze) when the ambient relative humidity (RH) in
a layer exceeds 74%. All water vapor in excess of 74%

is uniformly distributed over the entire nucleus distribu-
tion. Except for very small nuclei when the water mass
added to a nuclei bin surpasses 2.78 times the total
solute mass in the bin the nuclei become activated i.e.,
sufficient water has been "taken up" to transform the dry
nuclei into saturated solution droplets. The 74% figure
for transition from dry NaCl, nuclei to haze is obtained
from measurements made by Winkler and Junge (1972) Qith
bulk NaCl, i.e., without consideration of the effect of
surface tension. The actual relative humidity at which
transformation occurs is a function of nucleus mass. For
the very émall nuclei the radius corresponding to a sat-
urated solution droplet, Lacr = (3.78 x ms/(4.18879 X
p'))l/3, is associated with an equilibrium saturation ratio
considerably greater than 0.74. Tﬂus the small nuclei are
transformed into growing haze particles when this 'activa-
tion' saturation ratio is exceeded. The activation values

were obtained from Kohler's Equation such that
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20"
1
KVT p'v

SACT = 0.74 * exp | ]+ Curve A in Figure 4

ACT

shows SACT as a function of nucleus mass for a portion of
the nucleus spectrum. The departure from the 74% transi-
tion value is not significant for the larger nuclei, how-
ever it increases rapidly as nuclei become smaller than
lo_lsgm. For convenience, Curve B in Figure 4 also shows
the variation of S* as a function of nucleus mass with

the first seven data points defining the bin limits used
for nuclei with m, < 1.0 % 10_7gm. In obtaining S* and

the critical radius needed for calculating curve C, the
dilute version of Kohler's Equation was used with a tem-
perature of 290°K. More will be said about this figure
later. Activated nuclei exist as stable haze particles
until the supersaturation in the layer exceeds the critical
Supersaturation associated with the bin. If condensational
growth causes the mean mass radius of the haze particles

within the bin to exceed the critical radius, the haze

particles are transferred to the proper droplet bin.

b. Parameterized version. The above treatment of

nucleation in the full version of the model (henceforth
called the FM or full model) uses a disproportionate

amount of CPU time in comparison to other processes. A
less rigorous treatment in which the haze particle phase

is by-passed is called the parameterized version (PV) of
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the model. Dry CN are transferred to the appropriate
cloud drop bin when the SR > S*. These nucleated drops
are assumed to be at their critical radius if ﬁhe nuclei
have a mass < 3.0 x lO_lsgm. A lag in reaching the crit-
ical size is assumed for nuclei with a larger mass. The
basis for determining the lag is obtained from a FM run
and is the mean mass radius of the individual haze bins
at the time their S* was exceeded in layer 1. This basic
value is then adjusted for each layer by the amount of
time the layer is between relative humidities of 74% and
.the bin s*. If the nucleated drop has a radius of > 7 um
it is assumed to have fallen out of the layer and evapor-
ated in the next lower layer. The total amount of
nucleated water mass in a layer (number activated x mass
of activated drop) is incorporated into the vapor density
and temperature continuity equations to simulate moisture

uptake by the bypassed haze particles.

2. "Hydrometeor Growth". The procedure for deter-

mining hydrometeor growth is similar to that used by

Young (1974) in his numerical treatment of orographic
precipitation and by Fitzgerald (1972) in his study com-
paring computed and observed droplet distributions. With

a steady-state, spherically symmetric vapor field, the

flux of vapor to a drop via diffusion is given by Maxwell's

equation
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= =47m1r D (p, = pg) ; (1)

d
where D is the mass diffusivity, r is the drop radius, pv
is the environmental vapor density and Pq is the
equilibrium vapor density over the drop. In a similar
manner the flux of sensible heat away from the drop is

given by

dh _

E—‘l'ﬂ'rk(T Td) ] (2)
where k is the thermal conductivity, T is the environ-
mental temperature and Td is the temperature of the drop.

Combining (1) and (2), the energy balance at the surface

of a growing drop is given by

daT

d . dm dh
g b gt g7

M4%a 3

d (3)
with my the droplet mass, Cq the droplet specific heat
capacity and L the latent heat of vaporization. Equation
(3) states that the heat stored within the“drop equals the
imbaiance between the latent heat gained by condensation
and the sensible heat lost by diffusion. Generally the
heat storage is insignificant except for very large drops

and is therefore ignored. This assumption implies that the
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drop always instantaneously adjusts to its wet bulb tem-
perature during growth and evaporation.

As seen from (1), in order to determine the amount
of droplet growth, the vapor density at the droplet sur-
face; which is a function of droplet temperature, radius,
surface tension and amount of dissolved solute, must be
known. Several different approaches, as described by
Koenig (1970), can now be taken to calculate droplet
growth, with the more rigorous also being the more time
consuming. The approach taken here is to calculate the

droplet surface temperature explicitly. Integrating the

Clausius-Clapeyron equation from T to Td yields
L
Ty ol Tiy)
pg (Ty) R T d
= e (4)
DSZT)

where Rv is the gas constant for water‘vapor,ps(Td or T)

is the saturation vapor density at these temperatures, and
’ TTd has been approximated by Tz. Expanding the exponential
in a series and discarding all terms beyond the quadratic
reduces (4) to

2

L
L ) (T-Td)]
pS(Td) [RVT

bt LT g (meTy) 4 (5)

s R.T 2
A
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. The equilibrium vapor density over the drop and that in
the environment may be written as

Py Ty) (6a)

p,, =8 p_ (T) (6b)

where S is the saturation ratio in the environment. The
equilibrium saturation ratio over the drop, Sd' as modified

by the curvature and solute effects is defined as

20" _ v¢Mme
rp'TdRV Msmw

Sd = exp | ] (7)

where o' and p' are the solution droplet surface tension
and density, v¢ is the van 'T Hoff factor, Mw and mw are
the molecular weight and mass of water and MS andmS are
the molecular weight and mass of the dissolved salt, re-
spectively. The first term in the exponential gives the
modification of Sd due to the curvature effect while the
second includes the solute effect.

Substituting (6) and (5) into (3), dropping the
storage term and rearranging giveswa quadratic equation
in the unknown (T-Td) which is then solved to give the

droplet temperature
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(S .-S)

2
= Bgh - (B 22 T4 52)1/2 (4,
B d d. d
where B = R.VL/T2 and A = k/DLpS(T). Droplet growth is

then calculated from (1) after the equilibrium droplet
'vapor density has been determined from (6a) . The satura-
tion vapor densities in the model are calculated using
formulas taken from Barchet (1972).

This procedure is used for both water droplets and
haze particles. However, nucleated drops are considered
to be dilute and therefore the effect of the dissolved
NaCl is not considered. Curve C in Figure 4 shows the
magnitude of the solute effect when the droplet has reached
its critical radius. As is evident from the figure, the
assumption of dilute water droplets is very good for drop-
‘lets formed on nuclei with mass > lO_l7gm. In both the
~ FM and PV, droplet growth for the first time step after
the critical radius has been reached (or assigned as is
-the case with the PV) includes the solute effect. As a
result, the strong solute effect is diminished consider-
ably thereafter and the dilute droplet approximation also
becomes valid for the smaller drops. For the haze parti-

cles the molality given by

i 1000 [ r3p' Lés ]-l o ms (9)
M 3 .05845%*n
s g "
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is calculated at each time step to determine the contri-
bution to the haze saturation ratio from the solute effect
and to obtain p', o' and v¢.

An additional correction involved a modified diffusion
coefficient for heat and mass to account for the purely
kinetic control of growth as the droplet radius approaches
a size close to A, the mean free path of water vapor
molecules in air. The correction used was derived by
Fuchs (1959) who assumed Maxwell's equation to be valid
only at distances greater than A v A from the surface of
the drop. 1In the small layer adjacent to the drop inter-
change of vapor molecules was assumed td occur without
diffusive interaction with air resulting in a kinetic mass
growth equation. Fuchs essentially equated the two trans-
port equations at their common boundary r = A and then ex-
tended the Maxwell solution to the surface of the drop.

He obtained a correction factor which is generally incor-

porated into the diffusion coefficient, i.e.,

§ g 1 g
e R s D (ZIRyl/2 it i
r+A ' ra T

where D' is the modified mass diffusivity and o is the
condensation coefficient.
Fitzgerald (1972) recently reviewed Fuchs' derivation

and also applied it to the heat conduction equation to



27

obtain a modified thermal conductivity given by

1 . ]
r i k 2T )1/2
r+AT rpafcp RT

(11)

where AT is the "temperature jump distance" (vA ), f is
the thermal accommodation coefficient, k' is the modified
thermal conductivity, and R is the speﬁific gas constant
of dry air. 1In the model o = 0.03 and f = 1 are used
following the suggestions of Sinnarwalla et al (1975) who

measured these quantities.

3. Continuity equations for vapor, heat and liquid

water. The complete heat and mass flux equations for a two
component system in which only one component (i.e., water
vapor) is diffusing have been thoroughly investigated by
Katz and Mirabel (1975). Using notation consistent with

the remainder of this thesis, these equations are

n D
= - _t [ dx -y 9
F = v [ gz toox (l-x) 3z AnT ] (12)
0=-k L 4 F 7 cdr+aF (1-x) RT (13)
iz " a X

where F is the mass flux of water, x is its mole fraction,

ng the total molar density (nt = Pt/RT), P, the total

t
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pressure and o' the thermal diffusion factor. In (12)
the first term represents the mass flux due to a conéen—
tration gradient and the second term is the mass flux due
to a temperature gradient. In (13) the first term is the
heat flux due to a temperature gradient, the second term
the heat flux carried by the flux of molecules and the
third term the heat flux due to a gradient in concentration.

Katz and Mirabel used these equations to determine thé
errors made by: (1) neglecting certain specific terms and,
(2) merely assuming linear vapor pressure or linear vapor
density gradients when calculating the supersaturation pro-
files in TGDC. Figure 5, taken from their paper shows "the
relative difference (in percent) of the maximum supersatur-
ation in the cloud chamber obtained under the various
conditions described below (i.e., in the figure) and the
maximum supersaturation obtained by assuming linear temper-
ature and partial pressure profiles for a cloud chamber
with a top (warm) surface of 20°C as a function of the
temperature difference AT between the two surfaces." The
largest difference apparent in the figure is that between
the use of linear vapor density and linear vapor pressure
gradients and even here the peréent relative error is only
approximately 12%.

For ‘the purposes of this study, all terms other than
the flux of mass and heat due to vapor density and temper-

ature gradients respectively are neglected. The use of
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Figure 5. Plot of the percent relative difference be-
tween the maximum supersaturation calculated assuming
linear temperature and vapor pressure gradients and:

A, linear temperature and vapor density gradients
B, exact solution of Egs. (12 and 13) with o' =0

and c¢c_ = 8.0

C, exactpsolution of Egs. (12 and 13) with a'=0.15
and c_ = 8.0

D, exactpsolution of Egs. (12 and 13) with o' and
c_ =20

E, eRact solution of Egs. (12 and 13) with o'=0.15
and cp =0

as a function of the temperature difference between the
two plates, using 20°C as the temperature of the top
plate. (from Katz & Mirabel, 1975)
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vapor density in the continuity equation for vapor rather
than vapor pressure is not thought to effect the magnitude
of the results substantially although this aspect will be
discussed more later. With the simplifications mentioned
above, the equation for continuity of water vapor in the

SCC may be written as:

ap op DQ
v 9 v w
—2 =2 (p ) + 2 D (p p..) = ()
ot 92 92 eff " v Dt DROPS
DQW DQW
LAk = ) = (.._Dt ) (14)
HAZE ACT

w dmi
(=) R O | | S (15a)
Dt props Dprops + 4t
DQ dm.,
) =i D el s (15b)
Dt yaze uazg J 49t ‘

with Ni and Nj the number of hydrometeors present in the

ith drop and jth haze bin. (DQw/Dt) is the water mass

ACT
used to activate dry nuclei to haze particles. In the PV
the terms for HAZE and ACT are combined into a single term

for the nucleation of new drops. Term 1 on the r.h.s. of

(14) gives the contribution to the local change of vapor
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density due to vertical diffusion, term 2 represents the

parameterized effect of radial diffusion while terms 3-5

represent the effects of hydrometeor growth or evaporation.
Since droplet heat storage is assumed zero, the

ambient temperature equation is given by

DQ
oT ) oT L W
9L e 9 g 2Ly 4 9 g (T _-T) + [
5 5z X 3z eff ‘TWaLL @by e Bl a0
DQ DQ
3 BEE' + BEZ ] (16)
HAZE ACT

where cp is the specific heat capacity of the air at con-
stant pressure, R is the density of air, K is the thermal
diffusivity and Kore is the effective radial thermal dif-
fusivity. As in (14) the net temperature tendency is deter-
mined by vertical diffusion, parameterized radial diffusion
and the heat gain or loss associated with hydr@meteor'
growth or evaporation. The détails of the radial heat and
vapor sink parameterization will be discussed later.
Finally the local variafion of drop number density

can be expressed as

Pf<r> _ _ 3 _ 3 dr
5T = 52 (va<r>) 5T (dt f<r> ) + (

6f<r>)
St NUC

(17)
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where Vo is the terminal velocity and f<r> is the number

T

density function (cm_BAr—l) such that Ni = e/ f<r>dr .
x

1
The terms on the r.h.s. represent the change in number
density function due to sedimentation, condensation and
nucleation, respectively. As discussed previously the
Lagrangian condensation calculation for haze particles
allows only sedimentation or nucleation to change Nj’
i.e., (17) is solved completely only for water droplets.
This approach was used in order to preserve the dissolved
salt mass in each haze droplet. If the.Eulerian approach
is used for the haze particles, (17) would have to be solved
completely; which would involve determination (through an
additional continuity equation) of the new salt mass asso-
ciated with the haze particles in the bin (Berry and
Rheinhardt, 1973). This is especially true at relative
humidities < 100% where the molality of the solution drop-=
let is high. On the'otherbhand above the critical super-
saturation the dilute droplet approximation used for water

droplets is reasonable.
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ITI. Numerical Procedure

The system of equations described in the previous .
section is essentially a subset of the more extensive set
that describes the micro- and macro-physics of the warm
rain process. Although no completely rigoroﬁs solution
to these equations has been attempted, various authors
have chosen to investigate special subsets of these equa-
tions. The degree of complexity of these attempts has
ranged from those describing initial droplet development
in closed air parcels (Howell, 1949; Mordy, 1959; Nieburger
and Chien, 1960), to 1-D Eulerian, numerical simulations
of warm rain with very detailed microphysics (Takahashi,
1976), to 2-D simulations with some parameterization of
the microphysics (Arnason and Greenfield, 1972; Ogura and
Takahashi, 1973; Clark, 1973). The solution to these dif-
ferent models has been approached in slightly different
ways by their respective authors. In the present model,
techniques developed by Young (1974) are used to solve
(3), (4) and (6). Young's continuous bin approach is used
to solve (6) because the results are considered to be more
accurate than interpolation schemes or finite difference

approaches used by other authors. Additionally Dr. Young
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made his model available to the author and with some
modification it was adaptable to the present investiga-
tion.

A flow chart showing the sequence of operations dur;
ing a single time step is shown in Figure 6. Some specific
points regarding the numerical techniques are discussed in

the remainder of this chapter.

A. Time Step and Finite Difference Approximations
'Y |

The time derivatives in (1),.(3) and A4) are apprxi-
mated by a simple forward in time}finite difference scheme
while the spatial derivatives in (3) and (4) are approxi¥
mated by centered differences. The stability criteria for
the diffusional component is At < (Az)2/2D. Using z = 1lcm
this restricts the time step to At < 1.8 sec. For most
model runs a At = 1 sec was used, although each run starts
with ten 1/4 sec time steps in order to obtain enough
points for proper extrapolation (i.e., first guesses) of
Py and T (see Iterative Scheme subsection).

B. Solution of Continuity Equation for Water Vapor and
Heat

1. Iterative Scheme. Whenever sources or sinks are

not present in a layer, new values of Py and T are given
by the diffusional contribution only, which is determined

by finite difference approximation in the case of vertical
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Figure 6. A flow ghart of the numerical model illustrating
sequence.of operations during a single time step and rele-
vant action taken to obtain a solution.
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bdiffusion and parameterization for radial diffusion.

When hydrometeors are present, the final end point values
of Py and T are determined through an iterative scheme
(Young, 1974) based on mass and heat balance within a
layer. The iterative procedure begins with a guess of the
balanced values of pV at the end of the time step and of
the mean value of T, T, over the time step. The guesses
are based on a 3rd order extrapolation in time of previous
vaiues. The guess of Py is modified slightly to give a

2nd guess needed to continue the .scheme. Mean ambient
saturation ratios over the time step are then obtained

from which haze and droplet growth is determined. Equa-
tion (14) is used to determine if the guess of e and the
hydrometeor growth associated with the guess results in
mass balance, i.e., is the equation satisfied? 1In the
event of a significant mass imbalance, two previous guesses
of £ and the amount of mass imbalance associated with each
are used to obtain an improved guess via extrapolation or
interpolation. Figure 7 illustrates the convergence of

the iterative scheme for a specific case by showing the
vafiation of vapor density and mass imbalance (CHK) versus
iterations. A CHK of zero (the ordinate in Figure 7) indi-
cates mass balance between the diffusional component and
sources and sinks within the layer. in the model, iteration
continues until mass balance falls within an imbalance

tolerance threshold that is given by 10_4 times the total
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interphase (vapor «+ liquid) mass flux. Using the final
or balanced interphase mass flux value, equation (16) is
checked for heat balance. If the mean temperature value
guessed and that obtained by averaging past and present
end point values differ by < .001°C the equations are
assumed to be satisfied. If not, an improved value of T
is determined in a manner similar to Py and the entire
procedure is repeated.

The CHK values left after the convergence criteria
has been satisfied are added together after each time step
and for each separate layer. This is a measure of the
total mass imbalance in the layer during the model run.
The value is generally less than lo_logm/cmB, i.e., maxi-
mum interphase mass flux in each layer is approximately
lO—Ggm/cm3. This is another reason which prompted use of
the PV of the model since haze particle liquid water con-
tent is mostly < lO_lzgm/cm3 - close to what can be re-

solved in the model using the stated convergence criteria.

2. Nucleation Adjustment. Young's iterative tech-

nique did not converge if an entire bin is nucleated when
~the S* associated with the center solute mass is exceeded.
The tremendous liquid water mass flux required to nucleate
an entire bin causes the iterative technique to pscillate
around the S* of the bin and therefore ne&er to attain

mass balance. With Young's parameterization of nucleation
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this feature is not evident in his results. The problem
is solved here by partitioning a bin into nucleated drop-
lets and stable haze particles. The fraction nucleated is

set equal to (S - s* ) / (S*e - S*e ) where S*e and

€41 i i+l i

S*ei+l are the critical saturation ratios at the end
points of the bin and S is the time mean environmental
saturation ratio. In this manner, the sequential nuclea-
tion which occurs naturally is simulated. One drawback to
the scheme as presently formulated is that nuclei are re-
distributed uniformly over the entire bin after nucleation.
Thus subsequent supersaturations need not exceed the pre-
vious maximum value before additional drops within a.bin

can be nucleated. The consequences of this simplification

will be discussed in the results.

3. Full model vs. parameterized version. In the FM,

haze particles are allowed to grow without restriction
(i.e., nucleation occurs) during the iterative scheme if
their critical supersaturation is exceeded. The total
hydrometeor mass growth and heat release then feeds back
into the continuity equations to determine if the super-
saturation (i.e., vapor density and temperature) corres-
ponding to the present iteration satisfies the equations.
If not, the values are adjusted and a different haze
particle class may be the boundary between stable and un-

stable growth. 1In this way the scheme converges on the
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haze particle (or nuclei bin) which represents the separa-

tion between nucleated drops and continued equilibrium
growth. Transfer to the proper droplet bin is accomplished
after a balanced value has been reached for the saturation
ratio. |

In contrast, in the PV since only nuclei and droplets
are resolved, an input to the iterative scheme must be
those nuclei bins which might be activated during the cur-
rent time step. Since the balanced value of the SR (which
determines the actual nuclei bins activated) is an output
of the iterative scheme, some otﬂer SR must be used to
specify the nuclei which should be transferred to drops.
Two different approaches were used. In Case I, whenever
no drops were present in a layer nuclei were transferred
(at the sizes discussed earlier) as a function of the SR
obtained by diffusion only. When drops were present the
SR used was the balanced value from the previous time step.
For Case II, only diffusion determined the number of nuclei
bins transferred to drops. 1In both cases, if a drop bin
which was "nucleated" in ﬁhis way evaporated during the
iterative scheme, the drops were returned to the proper

nucleus bin.
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'C. Heat and Vapor Sink

Elliot (1971) found in his 2-D study of the diffusion
of heat and moisture within a cylindrical container that
aspect ratios of 6 or better are required before wall
effects can be neglected. 1In the scc, strong heat and
moisture fluxes are confined to the regions of strong
gradients of these quantities-approximately the upper
20 cm. The diameter of the chamber is also 20 cm, there-
fore giving an aspect ratio of 1. As a result, strong
wall effects.should be expected in the SCC. Since heat
and moisture continuously diffuse down into the chamber,
the walls must in a steady state act as sinks of both.

In this model, radial effects are not considered ex-
plicitly. The vapor and heat sink at the walls must
therefore be parameterized.

The parameterization is based on actual measurements
of temperature in the SCC prior to and after cloud de-
velopment. Effective radial thermal diffusivities, shown
in Figure 8 as a function of height, are calculated for
each layer by assuming: 1) a steady-state exists with no
sources or sinks of heat, i.e., vertical‘flux divergence
of heat equals radial flux divergence, 2) vertical flux
divergence in a layer is given by the measured post-cloud
temperature distribution and, 3) the wall temperatures
are given by the measured pre-cloud temperature distribu-

tion.
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The details of the actual vapor sink at the walls is
highly complex due to the uncertainty of the time varia-
tion of the equilibrium vapor density, p,+ Over the
glycerine coated walls. In the model p, was assumed to be
a certain fraction of the saturation vapor density asso-
ciated with the wall temperature. The effective mass
diffusivities in the various layers were simply set equal
to 1.2 x the thermal diffusivities. The effect of the
parameterization on the model output temperatures will be

discussed in the sectiqn on results.
D. Continuous Bin Technique

The changes in number density due to sedimentation
and condensation (water droplets only) are found using
Young's continuous bin method. As noted in the section
on Model Processes, the method has some similarities with
the moment conserving scheme introduced by Eagan and
Mahoney (1972), and modified for cloud physics use by
Berry and Rheinhardt (1973). The moment conserving scheme
'basically involves reconstructing the normalized lst and
2nd moments of the droplet distribution within each dis-
crete interval of radius after each time step. The new
moments are evaluéted through use of a "portioning para-
meter" which is determined from: 1) the amount of drop-
let growth, 2) thé center of mass of the distribution

(st moment), and 3) the horizontal width of the distribu-
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tion (2nd moment). The value of the "portioning para-
meter" determines the contribution to the new moments
within an interval from droplets remaining in thét inter-
val and from those growing or evaporating into the inter-
val. 1In all cases, the droplet distribution is assumed to
have a rectangular shape within each bin, i.e., the number
of drops is constant for those portions of the bin which
are occupied. In this way, the number, mean mass radius
and a measure of the horizontal width of the droplet dis-
tribution within each bin or interval are found following
condensational growth. As noted by Eagan and Mahoney
"reconstruction with the 1lst and 2nd moments conserves the
variance of the entire concentration distribution as it is
advected".

Young's continuous bin method is based on: 1) the
explicit conservation of droplet number (N) and mass (M)
within a particular bin, and 2) the assumption of a number
density function within the bin which is linear in radius,
i.e., n, + nro + kr (r-ro) where nro is the number
density at the bin midpoint (ro) and kr is the slope of
the distribution in the bin.

Using the fact that N =.fnrér y M = [ nrmdr and
substituting the assumed linear number density function
into these expressions results in two equations which are
solved simultaneously to give expressions for the two un-

known variables, n_ and kr' These can then be determined
o
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for a particular bin by conserving or keeping track of
the total number and mass within the bin. The basic dif-
ference between the two Lagrangian t§ Eulerian conversion
methods is: 1) Eagan and Mahoney (1972) assume a rec-
tangular distribution‘versus the linear distribution
assumed by Young, and 2) the 2nd moment is explicitly con-
served by Eagan and Mahoney (1972) while Young conserves
only number and mass. However, as shown below the linear
assumption by Young allows implicit inclusion of a sort
of 2nd moment with one end point of the distribution
always céinciding with an original bin limit.

The sequence of operations then performed to "advect"
drops‘up or down the distribution is as follows:

J n_ and kr are determined from the drqplet num-
‘ber and masg within the bin. When the mean mass radius
(i.e., (M/(Np"' x 4.18879))1/3) associated with the actual
values of N and M lies significantly to the left or right

of the bin center radius, the number density function

calculated from n_ = n_ + kr (r-ro) may give negative
o

values within the bin limits. This implies that droplets
may not be distributed over the entire bin but rather are
concentrated within certain radius limits within the bin.
Young (1974) states that: "In such cases, the bin is
iteratively redefined until the largest interval (within
the original limits of the bin) not containing negative

values is found". This procedure, shown schematically in
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Figure 9 gives a measure of the horizontal extent of the
droplet distribution and thus can be considered somewhat
similar to conservation of the 2nd moment by Eagan and
Mahoney.

2. Once the proper bin limits have been deterﬁined,
the total mass addition to the bin due to condensational
growth is distributed equally among all hydrometeors in
the bin (reasonable assumption as long as-thé bin interval

is small; in effect are disregarding a portion of the con-

2_dr
or dt

sult, some droplets may exceed bin limits and be trans-

densation term in (17) given by ) f<r>). As a re-

ferred while others may remain in the bin. Figure 10
illustrates this transfer for a specific'case where drops
in bin 34 grow into bins 35 and 36. Prior to transfer
bin 34 contains 63.3 drops cml-3 (N34) having a total mass
(M34) of 2.14 x 10_ggm. In the example chosen droplet

growth by condensation over a single time step results in

a total mass addition (AM34) to the bin of 3.33 x lO_ggm.

The arrows (or Ar) in the figure signify the growth of

"drops at the limits of bin 34 when 1/63.3 x AM is added

34
to their current mass. The number and mass transferred to
r3—Ar
bin 35 are given by TN35 =/ n_dr and
r

r
|
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AFTER ITERATION
o)

n=n +k (r—r
r o T

BEFORE ITERATION TO
DETERMINE NEW BIN LIMITS

DROP RADIUS —J»

Figure 9.

Schematic illustration showing the results of

the iterative scheme which is used to determine new bin

limits in the event nr

< 0 somewhere in the bin.
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NUMBER DENSITY (n) ———>

Figure 10. Specific example of transfer between bins due
to condensational growth. Drops in BIN 34 grow into BINs
35 and 36. Number and mass transfer is accomplished by -
integration over the appropriate bin limits. See text.
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r_ —-Ar .
3 TH35
T™ = [ n_mdr + AM while the transfer to
35 r N 34
r 34
1
. ré
bin 36 is given by TNy = fr3-Ar n dr and
rl
2 TN36
TM36 = [ n _mdr + AM34 5
r3—Ar 34

Hydrometeors within a bin are also distributed over
discrete height increments with an NH parameter - defined
by NH =.fnhh dh and giving "a simplified measure of the
' gravitational potential energy" (Young, 1974)--being used
instead of total mass. The transfer of droplets vertically
due to sedimentation is treated in a manner analogous to
condensation. A specific example is shown in Figure 11
where droplets from layer 2, bin 43 sediment into bin 43
of layers 3 and 4. Drops in the bin are assumed to fall
at the terminal velocity (vt) of the bin center radius
while in the case of haze particles the terhinal velocity
is given by the mean mass radius. The distance of fall is
given by Vip At. Originally layer 2, bin 43 contains 5
drops cm > (N2) distributed over h as shown in the Figure
and having an NH2 of 140 cm_2. The number and NH trans-

ferred to layer 3, bin 43 are given by



NH ——

30.0

T hz 200 = = = = = = - - - - - - -

/
gr s
A LAYER 2
[+ 4
(]
S
[ 4
w
E
< LAVER 8 TNy = 3ecm™3 L
-
(8]
w
3 h4 27.0 = = = = - - = = — — - -
o
<
T
] LAYER 4 TN4 . 2cm—:}
w
b o

h5 26.0 = — — — = = ——— — ———

Figure 11. A specific example. of the transfer between
layers due to sedimentation. Drops in layer 2, bin 43
fall into bin 43 of layers 3 and 4. See text.
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h4+Ah h4+Ah

n, dh and TNH, =

h 3 n,_hdh - vTAt TN

/
h 3
Mg

while the transfer to bin 43, layer 4 from layer 2 is given

h
3
by TN4 =/ nhdh (or TN4 = N2 - TN3,» where N2 is the
h4+Ah
original number of drops in bin 43, layer 2) and
h3
TNH, = [ n_hdh - v_At TN,. In the event no drops fall
4 h T 4
h4+Ah

out of a particular layer, e.g., when only the top part of
a layer is occupied by drops, the total NH in the layer is
simply decreased by N Vop At - the loss of gravitational
potential energy or position due to sedimentation.
Obviously in order to be consistent and get the proper
result, some NH must be transferred during condensational
growth and some M must be transferred during sedimentation.
‘In both cases the amount of M and NH transferred is propor-
tional to the number transferred. Thus the transfer of NH
associated with the condensational growth depicted in

TN35
Figure 10 is given by TNH = * NH
35 N34 34

and TNH36 =

TN
N36 * NH~4, while the transfer of mass associated with
34

3
TN3
the sedimentation shown in Figure 11 is TM3 = = = M2
o 2

and
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TM4 = TN4 / N2 * M2 - In this manner, the time change in
the number, mass, and NH parameter of the droplets within
a particular radius or height interval can be determined

following sedimentation and condensation.
E. Stability Considerations for Condensation Growth

One aspect of the condensation calculation which must
always be considered is the problem of computational in-
stability associated with the extremely fast response time
of small haze droplets to condensational growth or evapora-
tion prior to nucleation. Physically, this suggests an

equilibrium condition may be approached between the drop-

let radius and the ambient saturation ratio. To treat the

growth of small droplets explicitly, very small time steps
must be used to ensure stability. Mordy (1959) first sug-
gested placing the droplet back on its equilibrium curve
(given by Kohler's Equation) as a way to avoid the problem.
This approach has been picked up by subsequent workers and
is now used almost exclusively. Takahashi (1976) , however,
uses a .00l sec time step for his wet salt calculations
whereas Lala and Juisto (1972) derive a droplet growth
equation valid for smaller particiés, lower humidities and
having less stringent stability requirements by assuming
the ambient saturation ratio equals the saturation ratio

over the drop.
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When the condensation calculation is started at or
near cloud base, i.e., 100% relative humidity, reposition-
ing the small haze particles back on the equilibrium curve
requires solution of the dilute version of Kohler's equa-
tion, which is a cubic. However, in the present model the
dilute drop approximation cannot be made for the haze
particles and therefore the complete Kohler equation must
be solved. This is accomplished via an iterative technique
with the initial guess of the equilibrium radius (re) de-
pendent on the bin and the ambient saturation ratio (needed
to insure convergence). Once the method converges to the
proper radius, a check is made to determine if the normal
growth equation predicted a radius > Lo s in which case
growth only to a size Ty is allowed. With this procedure,
larger haze particles which have a slow response time,
i.e., they "lag" their equilibruim radius, are not
repositioned.

Analogous to the problem of computational stability
associated with haze particle grcwth is the fast response
time of a relatively old (large mean radius) or dense
droplet distribution to changes in humidity. Arnason and
Brown (1971) analyzed this stability problem for an ex-
plicit finite difference scheme and found that the maximum
time step allowéble for stability decreases as the popula-
tion ages. They found the time step to be inversely pro-

portional to the product of total drop number and mean
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radius, as had been derived previously by Rooth (1960) in
his statistical study of condensational growth. In the
present model no problems with instability of this type
were encountered. This was probably due to the implicit
nature of the solutions to the continuity equations for

Py and T.



IV. Results and Discussion

In order to evaluate the performance of the model

and to gain some insight into the relative importance

- of certain processes to the simulation of cloud chamber

conditions, the results are presented as intercomparisons

of the model at different levels of sophistication.

Specifically, the various parameters and processes which

will be investigated are organized as follows:

(1) RUN A and RUN B are compared to determine the effect

- of different initial nucleus distributions. These

runs, as well as all subsequent runs, are made with
the PV of the model unless otherwise noted. RUN A
is initialized with nuclei having s* < 1.01, while
RUN B has condensation nuclei (CN) with 1.30 > s* >
by o b

(2) RUN B and RUN C are compared to determine the effect.
of the radial fluxes of heat and vapor. RUN C in-
cludes the radial fluxes in parameterized form and
has, as all subsequent runs, the same CN distribution
as RUN B.

(3) RUN C and RUN D are compared to determine thebinflu—

ence of the condensation coefficient. RUN C and

55
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previous runs have a = 1.0 and no adjusted thermal
conductivity, while RUN D and each subseéuentvrun
have o = 0.3 and a modified k.
(4) RUN D and RUN E are compared to determine the effect
of nucleus bin resolution. RUN E has CN with
1.30 > S* > 1.01 divided into 15 bins whereas RUN D
has the same nucleus distribution discretized into
6 bins. |
(5) RUN D and RUN F are compared to determine the effect
of parameterizing nucleation as opposed to including
haze particles explicitly. RUN F is made with the FM.
Computations for most of the above runs extend to
11/2 minutes althoﬁgh a run to four minutes will also be
discussed. The primary microphysical data reported and
compared include the saturation ratio (SR), liquid water
content (LWC), and total droplet concentration (DC). These
are presented as time-height cross sections for each
parameter. Temperature profile evolution and hydrometeor
number density are also determined and will be discussed
where appropriate. The presentation of the results is
arranged so as to culminate in‘the most complete model.
Insights obtained from the various comparisons are then
used to draw implications about the use of the SCC as an

ice nucleus counter.
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A. Effect of Condensation Nucleus Distribution

The first runs to be compared (Weickmann and Barchet,
1976) are those with different initial nucleus distribu-
tions using the PV of the model. RUN A (Fig. 12) has only
nuclei with s* < 1.01 in a Junge size distribution, while
RUN B (Fig. 13) has mostly Aitken nuclei, i.e., S* > 1.01.
The two runs appear very similar; a supersaturated region
quickly develops just beneath the warm moist chamber top
while a deep region very near to 100% relative humidity
quickly penetrates to the chamber floor. sSimilar temporal
trends are seen in the liquid water and drop concentration.
The general trends confirm Ohtake's (1971, 1976) observa-
tion that the chamber quickly fills with cloud and rapidly
reaches water saturation in the isothermal lower portion
of the‘chamber. However, it is in the details that the
differences between the two runs become apparent.

Of special interest is the pulsating structure of all
three parameters seen in both runs. This pulsation ap-
peérs-as sloping bands of alternating high and low satura-
tion ratio, liquid water content, and droplet concentration
in Figs. 12 and 13. The amplitude of the pulsation in all
parameters is higher in RUN B where only Aitken nuclei are
available. Pulsations arise as SR exceeds S* within a
nucleus bin. At the start of a time step the large SR

causes a great increase in the number of actively growing
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Figure 12. RUN A: The time-height cross-sections of

model output saturation ratio (SR) , liquid water content
(LWC) , and total droplet concentration (DC). 1Isopleth
intervals are: SR - c.2, 0.5, 0.7, 0.9, 1.0, 1.01, 1.03,
l1.05, 1.06, 1.08, 1.1, 1.12, 1.14; LWC - D3 L0 250,
o e S el o el I R G e B R L 7.5, 10.0. Data points
are at 1 cm intervals in space and 1 sec intervals in time
except for T < 2.5 sec.
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drops in the layer (layer is defined as a 1 cm slab
centered around the discrete chamber depths: 0.5, 1.5,
2.5 etc.). The abundant newly-nucleated drops then rapidly
grow, depleting the vapor supply, and depressing the SR
which yields mass and heat balance at the end of later
time steps. Sedimentation as those drops grow removes the
vapor sink from the layer allowing SR to rise until it
again exceeds S* for the nuclei that remain in the layer.
Pulsations of LWC and drop concentration are out of phase
with supersaturation. This is consistent with the growth
and sedimentation of drops aftef a peak in supersaturation
occurs.

In RUN A with nuclei that have lower S*'s, the initial
activation of nuclei is rapid. As the resulting drops grow
and settle out of the upper portion of the chamber, the
supersaturation is governed only by heat and moisture dif-
fusion; nucleation ceases to play a role.

The rapid initial growth afforded droplets in RUN B
by virtue of the high supersaturation also causes the down-
ward penetration of liquid water and drops to be faster
than for RUN A. Humidification of the lower portion of ‘the
chamber in the time period shown depends on the evaporation

of drops settling to the bottom.

As nuclei are activated and the drops settle into the
chamber a gradual subsidence of the "cloud top" is evident

in Figs. 1l2c and 13c. The rate of sinking of this top is
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less with the Aitken nucleus run since nuclei with high
S*'s are available in the upper layers to later times.

The preceding results represent the only model runs
made for different initial CN distributions. For reasons
stated in the Introduction, subsequent results are all for

nuclei with s* > 1.01.
B. Effect of Radial Fluxes

'As noted previously since the aspect ratio of the SCC
is approximately 1.0 the walls should have a significant
influence on the vertical distribution of heat and vapor.
Figure 14 shows the deviation of model output temperatures
from the observed temperature distribution for three dif-
ferent model runs. The curves with the largest temperature
deviations correspond to RUN B, in which no heat and vapor
sink were incorporated. The approach to a steady state in
this case results in a nearly linear temperature gradient
from the top of the chamber to the depth reached by the
diffusion "front".

The other three curves represent cases in which vapor
and heat sinks were included in the model. The cufve cor-
‘responding to a relative humiaity‘at the walls of 60%

(RUN C*) gave fairly large negative deviations from the
observed temperatures. Rapid evaporation of sedimenting
drops (in the drier portion of the chamber) and cooling of

the chamber air are responsible for these results. When
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using an RH of 90% for specifying the wall equilibrium
vapor density (RUN C), the agreement between observed and
model output temperatures are closer, i.e., < loC.

Evidence will be presented later showing that quasi-
steady state temperature and vapor density profiles are
attained quite quickly in the chamber. Thus the close
agreement between the model output at 90 sec and the‘
temperature distribution measured at 5-10 minutes after
cloud initiation is not unreasonable. Consequently, for
the remainder of the results the vapor density at the
walls corresponds to 90% of the saturation vapor density
given by the wall temperature.

Figure 15 shows the effect of including the para-
meterized radial heat and moisture fluxes (RUN C) into
the Aitken nuclei only run (RUN B) discussed earlier. The
most obvious difference between the two runs occurs in the
time history of the saturation ratio. Whereas saturation
and even supersaturation extend well below layer 8 (i.e.,
the slab from 7.0 to 8.0 cm below chamber top) in RUN B,
saturation is confined to the top 8 layers in RUN C. This
is due to the strong radial heat and moisture fluxes which
counteract the effect of the vertical diffusion of these
quantities in layers 8-11. The large effective diffusivi-
ties assigned to these layers are consistent with the pro-
nounced positive curvature of the measured temperature pro-

file indicating a flux convergence of heat in this region.
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Saturation is not reached below layer 8 because the
forcing through vertical diffusion of heat and moisture
is considerably diminished below this level i.e., the
gradients of these quantities are small. In these lower
layers, the primary forcing for increasing the saturation
ratio is through the evaporation of sedimenting drops.
This process tends to increase the vapor content and
simultaneously cool the air thereby increasing layer
humidities. As a léyer approaches saturation, however,
evaporation decreases, thus allqwing the slight vertical"
temperature diffusion to dominate the cooling due to
evaporation, while evaporation and vertical moisture dif-
fusion are able to dominate the radial vapor sink. As a
result, these layérs never attain saturation although for
practical purposes the departure from 100% RH is insigni-
ficant. In RUN B, the vertical diffusion of heat and
moisture dominates throughout the chamber resulting in
saturation and slight supersaturation.

Other differences evident in the SR of RUN C are the
higher amplitude and frequency of the SR fluctuations when
compared to RUN B. Figure 16, which shows a comparison of
the T and p, Profiles for RUN ﬁ and RUN C at two times,
gives some insight into the reason for these differences.
In RUN C at 58.5 sec there is significant negative curva-

2
ture (i.e., K 9—% < 0 ) to the T profile in vicinity of the
9z
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active layers 1-7 (i.e., where nucleation and growth is
occurring).‘ This is a result of past strong latent heat-
ing in these layers which has overwhelmed the tendency for
the diffusional component to keep the profile linear (or
to develop a positive curvature indicating that, in a
éteady-state, vertical diffusion is compensating radial
diffusion). However, as drops fall out of these layers
- the rapid heat loss due to vertical (i.e., negative
curvature) and radial diffusion serve to decrease the
curvature, but at the same time increase the SR. This
continues until more drops are nucleated which results in
more latent heat release and re-enforcement of the nega-
tive curvature in the T profile. There is thus a strong
negative feedback or coupling between vertical and radial
diffusion of heat on the one hand and the droplet growth
term on the other. In contrast the profiles of T and pV
for RUN B @ 58.5 sec show significantly less curvature and
thus the flux divergences of these guantities would be
considerably smaller resulting in lower frequency pulsa-
tions in the SR, i.e., negative feedback is not as strong.
In fact, withbut the radial fluxes included vertical pro-
files of T and Py tend to become more linear with time
(see RUN B T and - profile at 91.5 sec in Fig. 16)
illustfating the dominance of vertical diffusion.

In RUN C most of the heat realized through droplet

growth in the active layers diffuses into layers 8-10
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(positive curvature) where the wall heat sink is the
strongest. In RUN B since there are no radial fluxes, the
heat continues to diffuse further into the chamber and
eventually gives rise to the large positive deviations of
temperature shown in the curve for RUﬁ B in Figure 14.

The vapor density profile shows positive curvature in both
runs (although stronger and more persistent in RUN C)
which is consistent with the continuous need to resupply
moisture lost by radial diffusion (RUN C only) and droplet
growth.

The larger amounts of LWC in RUN B illustrate the
effect of evaporation in the subsaturated layers of RUN C
(caused by the wall vapor sink) versus continued growth in
RUN B. Yet droplets reach chamber bottom more quickly in
RUN C, probably due to the slightly higher supersaturations
attained resulting in growth to larger sizes with conse-
quent higher terminal velocities. The earlier arrival of
drops at chamber bottom is also evident in the droplet
concentrafion time-height cross section.

Figure 15c shows that nucleation of drops is more
rapid through a somewhat deeper region for RUN C resulting
in more numerous drops earlier. The stronger heat and
moisture fluxes cause layers to become rapidly super-
saturated again before the growth of nucleated drops de-
presses the SR. In RUN B significant supersaturation of

the lower layers, e.g., below 2 or 3, is more gradual,
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eventually penetrating there after 70 sec when the 1.03
line finally reaches layers 3-5. The large number of
drops in RUN B after v 75 sec is due to this penetration
and the supersaturated conditions in vicinity of layer
i I

At this point, since the major physical processes
are now included in the model, it is instructive to study
the time evolution of the T and Py profiles for RUN C. Fig-
ure 17 shows these sequences starting with the conditions
at T = .25 sec and going through 90 sec.

Initially the vertical temperature distribution has
a curvaturé which indicates that the plexiglas walls are
acting as a heat source in vicinity of layers 2-6 while
an obvious heat sink is present (i.e., the brass cylinder
walls) in layers 6-9. As the moist heated top is put into
plaée vertical diffusion of heat and moisture rapidly in-
crease the values of T, pv and SR. Eventually drops are
nucleated in layer 1 which release latent heat as they
grow and give rise to a negative curvature in the T pro-
file @ 5.5 sec. As more layers become saturated and
nucleated drops sediment the area of maximum latent heat-
ing (and the attendant negative curvature in the T pro-
file) migrates down into the éhamber. This results in
more linear profiles in uppermost layers (e.g., 1 and 2)
thus keeping the SR nearly steady there. Droplets con-

tinue to be nucleated in lower layers and by 69.5 sec have
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resulted in a very pronounced negative curvature in the
T profile. By this time the profiles of T and Py have
essentially reached some type of mean or steady state as
further variations are not substantial. Additionally,
the profile of T is already very close to that actually
measured.

As long as droplets continue to be nucleated, the
negative feedback mentioned earlier between vertical and
radial diffusion and the droplet heat source induces
slight variations of ~1°c about this mean state. If drop-
let nucleation were to cease altogether a final steady
state would be attained between vertical and radial dif-
fusion highlighted by a slight positive curvature to the
T profile.

The profile of Py in Figure 17 maintains a positive

92p,
curvature (i.e., D 5 > 0) throughout the model run.

0z
Initially there is very large positive curvature consis-

tent with the strong increases of vapor density occurring
in the upper layers (i.e., ;;! > 0). As time progresses
the curvature decreases and the profile approaches a
quasi-steady state at v69.5 sec. In order to maintain

a steady state, wall and dropletuvapor sinks must equal
the vapor source from vertical diffusion. The continued

positive curvature of the Py profile at 91.5 sec and the

slight differences between the profile at 69.5 sec versus
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91.5 sec indicates that a balance is being maintained
between the physical processes and that a quasi-steady

state has been achieved.
C. Effect of Condensation Coefficient

The results‘presented thus far have all been with
the condensation coefficient, a, set equél to unity (1.0)
and no modified thermal conductivity. Figure 18, RUN D,
shows the results for the SR, LWC and DC with an a = 0.03
and the thermal conductivity modified as discussed in
Chapter II. The major effect of incorporating this change
is to decrease the response time of the SR to newly
nucleated drops, i.e., the vapor sink, represented by
growing drops in a layer, increases more slowly. Vertical
diffusion thus dominates the time change of SR for some
time after nucleation, resulting in higher SR's and there-
fore more numerous (than for o = 1) nucleated drops (see
Fig. 18c). The fields of LWC and DC are also more uniform
and coherent in time due to the lower growth and evapora-
tion rates which tend to allow a particular feature to
persist for a longer period of time. In contrast with
@ = 1.0 (see Fig. 15) there are considerably higher
 frequency oscillations, especially in the SR, as the vapor
sink and heat source terms quickly dominate after new

drops are nucleated.
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One aspect of the results with o = 1.0 which should
be noted is the tendency for the SR pulsations to re-
peatedly attain the same maximum value, in this case 1.06.
This is a result of the assumption, noted in Chapter III,
that nuclei are redistributed over the entire bin after
nucleation of part of the bin. Thus the previous high
value of the SR in a layer need not be exceeded before
nucleating more drops. Therefore with a = 1.0, where growth
of nucleated drops is much more rapid, the SR tends to peak
around a particular value. However, with o = 0.03 even
with the spurious nucleation of drops the SR continues to
increase (over the past maximum value) since the slow growth
of these drops does not depress the SR as rapidly.

Another interesting feature evident in both runs, but
more obvious in RUN D is the sudden extension of high
relative humidity into layers 5-8 after 60-70 seconds.

The reason for this intrusion can be understood by examin-
ing the sequence of events in layers 1-4 and 5-8 separately.
In the upper layers of both runs the successive pulsations
and increases in magnitude of the SR cause discrete popu-
lations of drops to be nucleated by CN having larger and
larger S*'s. 1In RUN C these drops rapidly grow and fall
out of the layers in which they were nucleated, whereas

the growth is considerably retarded in RUN D (since

o = 0.03). This is evident in the time-height cross sec-

tions of RUN C's LWC and SR which display a somewhat
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higher pulsation frequency compared to RUN D due to the
more rapid growth and fallout of drops. Eventually as
the SR continues to increase, nucleated drops grow more
rapidly to large radii (in both RUN C and RUN D) since
dr/dt(x% (SR-1) . In RUN C, the rapid growth and fall out
of drops in the upper layers leads to intermittent pulses
in the LW flux of drops to lower layers. In RUN D, how-
ever, the slower growth rates (since a = 0.03) keep the
LW flux to lower layers more uniform - at least up to a
particular point in time.

In the lower layers (5-8) of both runs the SR tends
to be depressed by the drops falling into these layers
from above, i.e., the droplet vapor sink nearly balances
the vertical diffusion so that SR stays close to 1.0. The
SR is considerably steadier in RUN D as would be expected
since the flux of LW from upper layers is more uniform.

In RUN C the SR is less steady as gaps in the LW flux occur
which allow vertical diffusion to temporarily dominate and
increase the SR. However, in both runs an obvious exten-
sion of high SR suddenly occurs, at 60 sec in RUN C and

68 sec in RUN D. Drops nucleated at the increasingly
higher supersaturations in the upper layers grow so rap-
idly that they fall into and through the lower layers‘
before more drops can be nucleated. This comes about when
the time period required for drops to traverse layers 1-7

is less than the time needed for the SR to recover in 1-4
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via vertical diffusion. The suddenness of the SR in-
Crease is a result of the strong ‘curvature of éhe vapor
and temper;tare profiles set up by the previous condensa-
tional growth in these layers, i.e., have a continued gain
of vapor and loss of heat without a latent heat source to
reverse this trend. The extension of high supersaturation
is more dramatic in RUN D since the SR in the lower layers
has been kept fairly steady whereas in RUN C vertical dif-
fusion has already occasionally dominated due to gaps in
the LW flux from above.

Figure 18b confirms this scenario as rapid decreases
in LWC occur in several layers at V70 sec due to the com-
bination of more rapid fallout and lack of droplet replen-
ishment in the layers. The sudden downward extension is
also very evident in the DC cross-sections as droplet
concentrations exceed 10,000 cm_3 in layer 8 due to
nucleation in this layer and sedimentation from above.

The intense nucleation caused by this phenomena contributes
partly to the development of a layer of maximum DC (or a
cloud top) as the drops nucleated are so numerous and
compete so strongly that further growth is inhibited.

More will be said about the maintenance of this "cloud

top" later.

Another feature evident in the LWC and DC cross sec-
tions of Figure 15 is that droplets reach the bottom of

the chamber sooner when o = 1.0. This occurs due to
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faster initial growth of nucleated drops and subsequent
more rapid moistening of the lower layers due to more
rapid evaporation, i.e., the 0.9 SR line reaches chamber
bottom with o = 1.0 2.5 sec before the run with a = 0.03.
In terms of the droplet spectra, however, droplets grow
to larger sizes when a = 0.03 because: 1) they stay in
a particular layer longer, and 2) they experience higher
supersaturations within the layer in which they are
nucleated.

Figure 19 shows the actual-droplet spectra (for
RUN D) predicted by the model for various layers at T =
91.5 sec. Plotted on the figures are number density of
drops in units of cm_3 pum ~ versus radius. As can be seen
from Fig. 18a layer 8 is the only one shown in Fig. 19
which is saturated. The spectra in this layer is fairly
narrow corresponding to continue' condensational growth of
drops nucleated in upper layers. In the other layers, which
are slightly subsaturated, the distribution is broadened
considerably by evaporation. The drop spectra in these
layers is influenced only by sedimentation and evaporation.
Thus the large concentration of drops in layer 9 reflects
the intense nucleation which occurred in layers 5-7 some-
what earlier. Deeper in the chamber, the evaporation of
drops to smaller radii and the sedimentation of larger
drops from upper layers have created a fairly broad dis-

tribution, with drops less than ~2um being uniformly
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Figure 19. Droplet distributions predicted by the model
in six different layers at 91.5 sec for RUN D.
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distributed over log r while a pronounced peak in the
distribution occurs near 5um radius. This sequence of
droplet spectra for the various layers is typical of the
output obtained from the model for an inifial nuclei dis-

tribution with S* > 1.01.
D. Effect of Bin Resolution

The next step in evaluating the model is to determine
the importance of CN bin resolution to the model results.
Figure 20 (RUN E) shows the usual parameters for a run in
which nuclei with 1.3 > S* > 1.01 were divided into 15
bins rather than 6 bins as has been the case previously
(RUNS B-D). The differences between the two runs are veryl
minimal. Other than some finer structure in the LWC and
DC time-height sections, RUN E shows only some slightly
higher amplitudes to the pulsations in SR. This may be
attributed to the fact that after a bin is partitioned
into nucleated drops and dry nuclei, prior to implementing
the iterative scheme, the nuclei are redistributed back
over the entire bin. Thus a situation as shown in Table 1
may arise where given the same input of SR the number of
drops nucleated over two time stéps with 6 bin resolution
is 406 cm > while with 15 bins only 375 em™° are hucleited.
These élight differences probably give rise to the lower
values of SR in RUN D since the vapor sink'in this case

would tend to be slightly stronger.
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E. Effect of Parameterized Nucleation

The final intercomparison to be made before discus-
sing the implications of the results for ice nucleus
measurements concerns the differences between the PV, in
which nucleation is parameterized, and the FM in which
haze particle are explicitly resolved. The results shown
here compare the FM (RUN F in Figure 21) to the PV using
Case I as the method of nuclei transfer (see Chapter III)
prior to starting the iterative scheme (RUN D in Figure
18) . As expected, the major features in the isopleth
analysis of all three parameters (SR, DC, LWC) are present
in both runs and are easily identified and compared. The
main difference appears to be that the pulsations of SR in
the PV lag or occur later than those in the FM and that
the amplitude of the pulsations tend to be greater for the
PV. Additionally the lag seems to be non-linear with time,
becoming especially pronounced after about 50 sec for the
SR (see Table 2). The lag is also evident in the DC and
LWC maximums especially after 60 sec of the FM run.

While the differences are not of major importance to
the eventual conclusions of this study some causes for the
discrepancies should be mentioned. Primarily the differ-
eénces result from use of the "lagged" nucleation parameteri-
zation which was originally implemented to minimize evépora—
tion and subsequent loss of nucleated drops during the

iterative scheme. When logic was added which allowed drops
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that had just béen nucleated and subsequently evaporated
to be returned to the proper nuclei bin, the lagged para-
meterization of nucleation was nevertheless, retained.

Several limitations of this approach appear to belre-
sponsible for the discrepancies shown between Figures 18
and 21. First, when the SR in a layer is increasing
(i.e., vertical diffusion dominates) use of the past value
of the SR to determine the nucleus bins which should be
transferred to drops (prior to implemehting the iterative
scheme) results in the transfer of too few nuclei. For
example, if the SR at t-At equals 1.02, only nuclei with
§* < 1.02 would be transferred to drop bins. This may
result in a balanced value of the SR at t of 1.05 which
implies that more nuclei should have been transferred in
order to obtain the proper balanced valug of SR-atit
Second, when the vapor sink eventually dominates diffusion,
causing the SR to decrease substantially, newly nucleated
drops that actually should have become actively growing in
the previous time step may revert to CN. For example, if
SR at t-At equals 1.05, nuclei with S* < 1.05 will be
transferred; however, if SR at t is 1.02, many of these
drops will "evaporate" when acéuakly their S* has already
been equalled or surpassed.

These limitations result in: 1) a delay or lag in -
building up the SR for a particular pulsation as nuclei

not activated in the previous pPulsation become active,
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2) an increase in the maximum value of SR for a particular
pulsation as less nuclei are activated once the SR starts
increasing again, and 3) an extension in time of a pulsa-
tion as drops erroneously evaporate when SR starts de-
Creasing again. These factors are responsible for the
pPhase and amplitude difference of the pulsations in SR
between the PV and the FM. The fact that in the PV the
LWC is lower; more uniform, and spread out over longer
time (before the downward extension of low LWC @ 70 sec)
implies that drops are still being nucleated in upper
layers while in the FM this is no longer the case (i.e.,
more drops have been nucleated giving rise to higher LWC
over a shorter time period).

Letting diffusion always determine the number of
nuclei transferred to drops, i.e., Case II described in
Chapter III, eliminates the problems with the PV dis-
cussed above. However, as programmed, this approach also
has a flaw in that there is no partitioning of a nuclei
bin into nucleated drops and "haze particles". Therefore,

if the value of SR > S* then the entire nucleus
center mass’

bin becomes activated although SR may be <S;i. Conversely,
if 8R < Sém, then the entire bin is not activated although
SR may be > S;i+l. Since this partitioning is used in

the FM this difference leads to discrepancies similar to

those shown in Fig. 22, in particular as the bin interval,
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P Szi = S;i+1 gets larger. The discrepancy described
could be easily eliminated and should lead to closer
agreement between the FM and PV, however, since the dif-
ferences are not large and in order to save computer time
the model was not rerun with these corrections incorpor-
ated. 1In fact since general consistency of results has

been demonstrated between the FM and the PV, all subsequent

runs are made with the PV using "lagged" nucleation.
F. Summary of Model Results

The previous section emphasized the synthesis of the
numerical model and demonstrated the relative importance
of various parameters and processes in obtaining physically
realistic results. Dispite some minor departures of £he
PV from the FM, the results indicate that this version of
the model gives a fairly reliable portrayal of the sequence
of events occurring in the SCC. Additional verification
of the model output in this section will also support the
overall accuracy of the model.

Figure 22 shows the usual model output parameters
using the PV but with an extended run out to 4 minutes.
The sequence of events described in the Introduction is
readily apparent in these time-height cross sections. Su-
persaturation quickly develops in the upper-most layers as
moisture and heat diffusion dominate. Pulsations in SR

are initiated as nucleation occurs and the vapor sink gets
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Figure 22.
minutes. Countour intervals are:
0.9; 0,95, 1.0, 1.06, 1.1, 1.15,
IwCc - 0.1, 1.0, 2.0, 3.0;
10.0.

SR -~ 0.2’

1.2, 1.35=40%;
BC="0.1, 1.0, 2.5%

0.6’

0.7,

1.5;
5.0,

Extension of RUN D, shown in Figure 18, to 4

0.8,

7.5,
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large, driving down the supersaturation. Nucleated drops
then fall to lower levels and vertical diffusion again
dominates, serving to rebuild the supersaturation. With
time, the level of maximum SR (SMAX) tends to migrate down
into the chamber with the maximum value increasing. This
leads to the activation of nuclei with higher S* lower in
the chamber, leaving some with still relatively low S* in
the uppermost layers. Supersaturation does not extend below
the level of the strongest radial fluxes of heat and mois-
ture, approximately at 8 cm. Very strong gradients of SR
become established below SMAX while relatively weaker ones
are .present above it. Since the smallest NaCl nuclei used
as input to the model have an S* of 1.31 further nucleation
ceases in a layer after this value has been attained.
However, oscillations in SR are still apparent below ahd
above SMAX’ although they are decreasing with time and thus
tending toward a steady-state.

Of considerable interest in‘terms of model verifica-
tion is the formation of a cloud top or layer of maximum
droplet concentration approximately 6-8 cm below the top
of the chamber (Fig. 22c). This tendency for an "accumu-
lation zone" of droplets is evident at early times in the
model run, but the cloud top appearance becomes more ob-
vious as oscillations or pulsations in SR decrease and
nuclei are depleted from upper layers. The coincidence

of maximums in SR, protruding upward and downward from
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SMAX' with the appearance of maxima in droplet concentra-
tion indicate that nucleation is still occurring at ~3 min
above and below SMAX' Dfoplets nucleafed in the upper
layers rapidly grow to large sizes as they encounter higher
supersaturation while sedimenting to lower layers.
Streamers of large drops (710 um) within otherwise clear
air in the upper portions of the SCC have been observed in
the Wisconsin and Ohtake (personal communication) chambers.
These streamers can also be seen as maxima in LWC (Fig.
22b) emanating from upper layers which quickly penetrate
to the chamber bottom.

In contrast drops nucleated below S

MAX

strongly decreasing SR as they sediment, with their water

encounter

uptake being small compared to drops activated above SMAX‘
Thus the apparent cloud top evident in the DC cross sections
and observed in the chamber probably is maintained by drops
which are nucleated in layers 7-9. These drops quickly
grow to beyond visible size, but further growth is limited
due to decreasing SR and eventual subsaturation immediately
below the area of nucleation. The drops from above SMAX
are large enough so that they do not decrease significantly
in radius as they fall into the subsaturated layers.

The fact that the model was able to simulate this
quasi-steady cloud top condition adds further to the like-

lihood that, within its limitations, the model is capturing

the essential processes occurring in the SCC. Further
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corroboration for this is shown in Figure 23. This shows

a plot of the saturation ratio as inferred from the temp-
eratures measured within the SCC. Three assumptions were
made to obtain these curves: 1) a linear profile of Py

was assumed in the clear air above cloud top, 2) the pro-
file of T was that actually measured, and 3) end points

of the profile were given by the top B.C. and the satura-
tion vapor density corresponding to the temperature measured
in vicinity of the cloud top level.

Since an exact measure of the cloud top in the chémber
was not available, three different levels were chosen to
represeht the cloud top in these calculations. Visual
observations in the chamber suggested a cloud top in
vicinity of the 3 chosen levels. Interestingly enough, all
three curves show substantial supersaturation in the clear
air, particularly as cloud top is placed lower in fhe
chamber, i.e., into the colder air (see curve C). Curve
B shows the closest correspondence to the SR profile pre-
dicted by the model (Curve D), although the magnitude of
the supersaturation is higher. Most likely the actual pro-
file of pv tends to have a positive curvature rather than
no curvature at all (linear) since vépor is still being
lost in layers 1-7 by droplet growth and wall sinks. 1In
that case the magnitude of the SR would be reduced and
Curve B would correspond even more closely to the profile

obtained with the model.
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V. Implications for Use of SCC as Ice
Nucleus Counter
Perhaps of primary interest in the model results are
the high values of supersaturation reached in the upper
pértions of the chamber. As noted by Gagin (1972) and
Ohtake (1976) the presence of high supersaturations in
the chamber could result in incorrect nucleus counts for
the air sample being processed. Condensation followed by
freezing (as the resultant drop sediments) may occur on
mixed particles which would never be activated in the real
atmosphere. At the supersaturations in question even
insoluble particles such as AgI may nucleate water drops
and thus give erroneous counts as the drops freeze in the
colder portions of the chamber.
| Ohtake recognized this criticism and formulated an
experiment to test its validity. He purged his chamber
with the air sample to be tested (containing AgI) and then
placed an extension on the normal chamber which he called
the second upper chamber. The moisture and heat then dif-
fused downward from the top of the extension and due to
the stable temperature profile few of the AgI particles
should have been subjected to high supersaturation. Com-
parison of .the counts showed slightly higher values with
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the 2nd upper chamber, which is the reverse.of what would
be expected if the criticism were valid (assuming other
factors such as nucleus distribution and resultant drop
concentration were equai)

Several implications can be drawn from the experiment:
1) high supersaturations do not occur in the upper portions
of the SCC, 2) high supersaturations occur but the S* for
nucleation by the AgI particles in question is even higher,
3) high supersaturation occur in the chamber but condeﬁsa—
tion-freezing is not an important mode of ice nucleation
for AgI at the ambient temperature (—lSOC), i.e., contact
nucleation dominates. Based on the model results, the
likely explanations seem to be 2 or 3.

Fletcher (1959) calculated while Mossop (1968)
measured the S* required for condensation ég AgI particles
of various sizes. Their results, shown in Figure 24 and
25 respectively, indicate that condensation should have
occurred on at least a portion of the aerosol particles.
Use of the full nucleus distribution in the model could
delay the rise in supersaturation but substantial values
should still be expected with eventual drop initiation by
the AgI. One possible explana£ion for Ohtake's experi-
mental results is that after condensation on the AgI
nuclei subsequent freezing would occur with the nuclei im-
mersed in the drop. Since the threshold temperatures fOr.

immersion freezing are probably considerably lower than
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Figure 24. Saturation ratio S = p/p, necessary to pro-
duce droplets on spherical nuclei of radius R at O0C.
The parameter m is the cosine of the angle of contact
of water on the nucleus material. Approximate curve
for silver iodide is shown (from Fletcher, 1959).
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saturations (from Mossop, 1968).
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for contact nucleation (Fletcher, 1970) , contact may be
the dominant mode of ice nucleation within the relatively
warm isothermal region even when high supersaturations
are present. When the SCC's results with AgI are compared
to other devices the best correlation occurs with the Drop
Freezing Counter (DFC) devised by Vali (1974). The DFC
supposedly measures mainly contact nﬁcleation which also
implies that the SCC may be doing likewise. The slightly
subsaturated (with respect to water) isothermal region
predicted by the model could also enhance contact nuclea-
tion through thermophoretic forces (Young, 1974). Admit?
tedly these results are for crude parameterization of the
rédial fluxes but they also do not include ice crystals
which would rapidly deplete moisture and could lead to
further subsaturation. As a result if contact nucleation
actually dominates in the chamber - at the temperatures and
AgI sizes used - then the results of Ohtake's experiment
would make sense and still not conflict with the model re-

sults. Nevertheless there is still some question as to

whether contact nucleation can be effective within the 2-3
minute time span used by Ohtake for a measurement (Lala,
1976) . Additionally the role of deposition or sorption
nucleation within the isothermal region (15% supersaturated
with respect to ice) must also be considered.  The impor-
tance of this nucleation mechanism may be a function of

droplet concentration as well as degree of supersaturation
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(Parungo et al., 1976), €.g9., at high droplet concenfra—
tions nuclei are more likely to act by contact whereas at
lower concentrations deposition may be favored.

Similar arguments to those above can be forwarded to
explain the SCC's results with natural nuclei. Ohtake
(1976) states that "Measurements of natural ice nuclei
made with SCC, MF, DFC and centrifugal deposition techniques
finally came into good agreement". Yet if high supersat-
urations are presenf in the chamber, the scc might be ex-
pected to give somewhat higher counts if condensation
freezing plays an important role. Again, the lowér temper-
ature thresholds for immersion freezing may be a particu-
larly relevant factor, especially if condensation occurs
on a mixed nuclei which would lower the drop freezing
point due to the presence of a dissolved salt (Reischel
and Vali, 1975). Other reasons for the "close agreement"
may be the relatively small volume within which the high
Supersaturations occur, the uncertainty of conditions with-
in the other devices and use of nuclei replenishment with-
in the SCC (Ohtake, personal communication) which would
keep the supersaturation down.

That contact nucleation is an important mode of
action for natural ice nuclei at warm temperatures is
still unresolved, however laboratory measurements with
relatively large supercooled drops (Gokhale and Goold,

1968; Gokhale and Spengler, 1972) support the existence of
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artificial and natural contact nuclei. The possible

role of contact nucleation in explaining anomalously high
ice crystal concentrations in natural clouds (at —4°C)

has been suggested (Young, 1974; Hobbs and Atkinson,

1976) with some agreement between a crude estimate of ice
crystal concentrations due to contact nucleation and actual
observations. The sudden transformation of a supercooled
fog (-lOOC) into an ice fog just prior to or during dissipa-
tion has also been observed (H. Weickmann personal commun-
ication) and suggests that thermophoretic forces may have
been active in initiating contact of natural ice nuclei
with the fog droplets. In summary, the saturation ratio
‘predicted by the model, while probably somewhat high con-
sidering the initial nuclei spectra, i.e., rg < 0.01 um,
nevertheless is not in conflict with the SCC results in
measuring natural and artificial ice nuclei, particularly
if contact nucleation is a primary mode of ice nucleation
in the ScCC.

The other parameters shown in Figure 22.suggest that
conditions in the isothermal region of the SCC reﬁain rela-
tiveiy uniform for at least 2-3 minutes after cloud initia-
tion. With a dry nuclei input having r < 0.03 pm and
distributed as shown in Figure 2, the droplet concentra-
tion stays at 2500 cm_3 while liquid water remains be-
tween 1-1.5 gm/m3. Thus the 2-3 minute period used by

Ohtake to make a measurement seems reasonable in terms of
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cloud uniformity although inclusion of the ice phase may
rapidly deplete drops in this region. Beyond 3 minutes
the chamber starts drying out as the drops being nucleated

and falling into the isothermal region decrease and the.

‘vapor sink at the walls dominates. An important point

to emphasize is that these results are for the condition
of no CN replenishment during the measurement. Ohtake
(1976) has found it necessary to add more nuclei when
measuring large concentrations of AgI particles since

water drops rapidly are lost and must be resupplied.

When this procedure is followed the supersaturations pro-
duced by the model with the initial conditions as described

are most likely too high.



VI. Suggestions for Future Work

The model as formulated has given considerable in-
sight into the conditions and processes occurring within
the SCC. Because the physics are fairly straightforward -
without the added complication of airflow - the SCC is
particularly adaptable to study with a numerical model -

a big advantage over other more complicated devices.
.Several improvements could be incorporated to make the
model more accurate, e.g., better parameterization of
nucleation, a more Quantitative assessment of the differ-
ence in fesults when using vapor density versus vapor pres-
sure and elimination of spurious nucleation caused by
redistributing nuclei over an entire bin after initial
nucleation.

The next logical step after these changes is to per-
form extensive sensitivity studies with the model, in-
vestigating parameters such as variations in the tempera-
ture of the moist top plate, different initial nucleus
distributions, different depths of the chamber above the
brass cylinder (Ohtake's second upper chamber), etc. and
their influence on SR, DC, LWC and the quasi-steady cloud

top. 1In conjunction with these sensitivity studies more
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measurements of chamber conditions should be attempted
to further confirm the model results, e.g., documentation
of the high supersaturations may be possible.

Since the ultimate use of the SCC is as an ice nucleus
 counter, eventual addition of the ice phase to the model
is required. The suggestion made earlier that contact may
be the dominant nucleation process in the chamber (within
the time period generally used for sample development)
could be studied by including a contact nucleation model
such as Young (1974) or Alkezweeny (1971). The relation-
ship between mean droplet size and concentration and ice
nucleation activity could be investigated by using as in-
put to the chamber (and model) é certain nucleus spectra
and comparing model results with observed ice crystals.
Further experiments similar to Ohtake's should be performed
in conjunction with the model to draw inferences concern-
ing the importance of supersaturations in the chamber top.
A more extensive study of ice crystal counts as a function
of chamber temperature and supersaturation to ascertain
the possible role of immersion freezing at lower tempera-
tures may also be feasible.

In general, the advantage of having some quantitative
information on sequence of events and subsequent condi-
tions within a device used for ice nuclei measurements is
significant. Introducing the ice phase makes matters

somewhat more uncertain again (e.g., what does one use for
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ice nucleus concentrations) but the model could be "tuned"

through feedback between observations and model results
and thereby lead to further knowledge concerning ice

nuclei and how they act.
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