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SIMMARY

i@ The most noticeable effect of air pollutfon on the propertivns

of the atmosphere is the reduction in visibility. Dy counsideling

dynamical and microphysical processes, the present study investigates
the formation of advection fog associated with aeresels, due to
combustion-related pollutants, as condensation nuelei. We are

“ particularly interested in the study of the eoffects of multi-dispors.
distribution of the aerosol population, and also single compoveat and
mult i-component aecrosol species on the condensat ion/nucledt ion -, ocesnes
which affect the reduction in visibility.

The results show that the acrosol populaticn with a high particle
concentrat ion provides more favorable conditions for the tormation ot
a denser fog than the derosol population with o greater particle size
distribution if the value of the mass concentration of the aerosols is

kept constant.

—

The results of the present study can be used as numerical prodict o

1

-

of fog formation. Two-dimensional observations in horizontal and vertic:

BYIR &

| courdinates, together with time-dependent measurcments are needed as

»e

' initial values for the following physical parameters: (1) wind protiles
(2) temperature profiles; (3) humidity profiles; (4) mass conceutration
of aerosol particles; (5) particle size distribution of aeroscls; and (b) :
chemical composition of aerosu.:s. Formation and dissipation of advecoion
fog, thus, can be forecasted numerically by introducing initial valucs
obtained from the observations.

The present research supported G. S. Liaw, a former graduuste

student, who obtained his degree of Doctor of Philosophy from The Univ. .o

of Alabama in Huntsville.
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I. INTRODUCTION

The basice ingredients of a tog or elovd droplet ave ignid witar
(or ice) and condensation nueled (or ice nuclei in the cane of wn iee
fog or ice eloud). These nucled are acrosol partieles, seneraliv vith
diameters equal to or greater than 0.1 um, and are nearly always at
least partially hygroscopic.

During the absence of aerosol particles in the atmosphere, con
densation of water vapor will occur only ir the supersaturation reuachics
several hundred percent. However, in the atmosphere, there are avundant
foreign particles to serve as ready-prepared nueclei, both naturally
produced and produced by encrgy-related cowtuastion, for condensation
and to nresent the large supersaturations from being achieved.

The atmospheric acrosols cover a wide range of particle size,
from about 10-'3 im radius for the small ions consisting of a few
neutral air molecules clustered around a charged molecule to more thrn
10 um for the largest salt and dust particles. Their concentration als.
covers an enormous range, from less than 1000 per cm3 over the ncean, to
perhaps lO6 per cm3 in the highly polluted air of large industrial
cities (Mason, 1871). A recent study of New York Citv aerusol particles
indicated that the average number of particles is (4 to 9) x 1.04
particles cm—3 for the lowest point at 5 AM, and for the highest point
at 9 AM locai time, with a sampling ranging in size from 0.1 to 1.3 im
diameter (Leaderer et al., 1978).

As to the chemical composition of atmospheric aerusols, the large
guantities of SOZ, NO.., NH+ and a slrong acid such as H2804 Love been

4

detected in highly industrialized areas (Leaderer et al., 1978). A
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substant i1l portion ot this acrosol production is the result of energve
related fuel combustion,  Sultur, an impurity tound both in coal and
petroleun, reacts with 0, at high temperatares producing exides ot 8,
sox. Furthermore, since air (797 Ng) is the “3 source for combusit ion,
the Tormation and subsequent emission ot Nnx, cipecially an clevated
combust jon temperatures, are common oceurrences.  The internal com-
bust ion enpine iy the dominant souree of the production of NOK. This
production of SUX and Nnx due to cenergy-related fuel combust ion s,
in turn, transformed into acrosol particles through photochemical
reaction (Council on Environmental Qualitv, 1973).

Based on the estimation made by the Council on Environmental
Quality, energy conversion processes aeecount tfor 847 of the SOX, Y7:
of the NOX, and 787 of the €O emissions (Council on Envivonmental
Quality, 1973). However, the figures are quite different based on
anthropogenic source points of view., For example, voleanic emissions
account for more than 507 of 50,, thunderstorms for more 75/
of NOX, ete. Binee the dispersal of air pollution is unatfected by
national boundaries, the evmission of pollutants often results in
global problems and concerns.

Some of the atmospheric acrosols, in particular the salt acrosols
with hygroscopic properties, are known to exhibit the property of
deliquescence when exposed to a humid environment. The eritical humidity
at which a given salt particle abruptly transforms from the crvstalline
state to a saline droplet is related to the water vapor pressure in
equilibrium with the saturated salt solution at the ambient temperature.
Recently, Tang et al. (1977, 1978) and Tang and Munkelwitz (1977),
conducted a series of experiments to investigate the onset of
growth which took place at a specific deliquescence humidity determined
by the water activity at the eutonie composition for some mixed salt

2
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acvrosols NaCl-Kol, and (NIIL,’)2 SOEHZSDQ' The result chowed that the

onset of growth oceurs at 73,8 + 0,57 relative humidity for mixz d NaGl-Kil
acrosols, and at 69,0 % 0,57 relative humidity for suitate aerosals
containing 0.75 to 0.95 mole fraction (NH4)2SOA’

In general, for a nucleus, or an aerosol particle to grow into a
droplet, the air must have attained a certain degree of supersaturation
(Fletcher, 1966; Weinstein and Silverman, 1973). At low supersaturation,
only the nuclei large and hygroscopic enough will go across the hnmp of
the so-called Kohler curve (Mason, 1971). Once over the hump (i.e.,
the so-called critical size or critical supersaturation), these nuclei
formally become cloud drvplets and can, in theory, grow to any size,
provided a small amount of supersaturation is maintained. The {igure
for the presence of supersaturation to be a necessary condition to
produce cloud droplets can be changed for condensation occurring in
the polluted atmosphere (Hung and Liaw, 1979).

The correlation of the fog formation with a high concentration of
air pollutants associated with fuel combustion has been obscrved expori--
mentally. With high concentrations of SOx due to fuel combustion, the
formation of sulfuric acid by oxidation of 802
in a humid environment leads to the formation of small droplets of fog
which would not otherwise have formed. For example, in determining the
correlation between SOX concentrations and fog formation in the German
cities of Gelsenkirchen and Hamburg, Georgii (1969) found that 80 percent
of all cases of high SOX concentrations occurred with visibilities
below 5 km. In addition to fog formation, increased precipitation has

been linked to areas with high aerosol concentrations (Changnon, 1968).

on the surface of particles
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The average mass coneentration of acrosol particles from the Nat iuenal

Air Sampling Network in the United States ranpes I'rom ahout 20 ng/m‘ in
clean air in remote areas, to values of 100 to 280 u-,',/m3 in urban areas
(Hidy and Brock, 1971). In the heavily polluted atmosphere of the hiphly
industrialized areas, mass concentration with values as high as 2000 pu/ms,
have been reported. As for particle number concentration, it veries from

o . v
Lo . . 2 . 3 . >
107 particles/er.- or very clean air to 107 particles/em™ in polluted air,

The radius of :.n ' isation nucleus with combustion as a source ranges trom

0.01 to 1 um (Selnfeld, 1975). Thus, combustion is listed as a source of
particles for sizes up te 1 jm diameter (Seinfeld, 1975).
The percentage distribution of mass concentration for Sux is about

187, and for Nox it is about 6% (Hidy and Brock, 1971). This means that

— —— o=

; . , 3, : ’
the mass concentration for 50, is roughly less than 10 pg/m” in clean air, i
. 3. . .
and ranges {rom about 20 tc 50 ug/m” in polluted air. The range of mass

concentration for NOX s roughly once-third of the amount of the SUX range.

Results obtained from Hung and Liaw (1980) show that the major

e

contribution of combustion-related pollutants as condensation nuclei in
the formation of fog comes from aecrosols with species of sox. However,

NOx as condensation nuclei also gives a considerable contribution to the

B o

formation of fog, but the weight is much less than that due to SOX. In
this study, our major attention is focused on the effect of fog formation 9
due to SOx as condensation nuclei with the consideration of the influences
made by the variety of particle size distribution.

To elucidate the fog optical properties, Low et al. (1978) examined i
the effects of different spectral shapes anl widths on gamma and lognormal ;
distributions with the same liquid water content, and concluded that the
drop size distribution greatly affects the result of visibility even-

though the liquid water content is the same. Observations show that
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particle size distribution for combustion related aerosols are widely spread.
In the present paper, we are interested in studying the effect of particle
size distribution of aerosols as condensation nuclei for fog formation

with keeping mass concentration fixed. To simplify the calculation, and

also to make the results easy to compare, a comhination of three step

functions are chosen to modify the particle size distribution of aecrosols.

Acid rain is a major envirommental problem on both sides of the
Atlantic Ocean. Originally noticed and studied in the Scandinavian countrice
and in Canada, acid rain has been documented in this country; first in
the Northeast and now throughout much of the United States. Increasing
levels of acidity have already caused measurable damage to the environ-
ment. Many lakes are now totally deveid of fish population; monuments and
other man-made structures are being degraded; and yields of agricultural
crops and forests may be decreasing.

Acid rain, based on the definition of the terminolugy given by the

Environmental Protection Agency, includes the wet removal processes such

as rain and snow; the dry deposition component such as particulate sedi-
mentation and/or gaseous aborption and adsorption; and special events
such as fog, frost and dew which also contribute Lo the overall acidic
deposition in amounts that need to be quantified.

In the production of NOX, strong evidence indicates that the major
producer comes from the automobile. There is no doubt that stationary
source fuel combustions also contribute a heavy fraction of the total NOX
emitted to the atmosphere. Fuel-bound nitrogen compounds are ammonid,
pyridine, and many other amines (Glassman, 1977). Similar to NOX production

by combustion, $ as an inherent impurity in both coal and petroleum, SOK
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is also produced through fuel combustion., This production of Sux and N”x
due to energy-related fuel combustion s, in turn, transtormed into
aerosol particles through photochemical reaction (Council on Environment al
Quality, 1973).

Energy conversion processes account for 847 of the SOX, 977 of the Ny,
and 78% of the CO emissions pased on the estimation made by the Council on
Environmental Quality (1973). However, the figurvs arce quite dirterent
for data chosen from anthropogenic source points of view. For example,
volcanic eruption, such as ash coughed up by Mount St. Helens, Washington,
on May 18, 1980, could account for more than 507 of 502, thunderstorms for
more than 75% of NOX, ete.  Since the dispersal of air pollution is un-
affected by national boundaries, the emission of pollutants often results
in global problems and concerns.

The production of SOx and N()x became the major sources of acid rain
through the transformation of gas molecules to aerosol particles via photo-
chemical reaction, and condensation processes in which the aerosol particles
serve as condensation nuclei. The present study, in particular, deals
with the mathematical simulation of the formation of advection fog and
the accumulation of liquid water content in the atmosphere through the
condensation processes in which the effects of the multi-disperse distri-
bution of the initial aerosol population and multi-component species of

aerosol particles as condensation nuclei are taken into consideration.
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iI. MATHEMATLCAL MODLEL
A theorctical model is employed which describes the cvelution of
potential temperature, water vapor content, liquid water content, and
hurizontal and vertical winds as determined by the processen of wertical
turbulent transf{er and horizontal advection of momentun, energy and
noisture, as well as radiation cooling, growth of water droplets bascd
on microphysical processes, and drop sedimentation,
The mathematical model is time~dependent two=dimensional in the
X-Z plane, and the boundary layer model is assumed. All the quantities
are uniform in the Y direction. The fundamental equations governing the
macrophysical processes of the evolution of wind components, water vapoi
content, liquid water content andpotential temperature under the ine
fluences of vertical turbulent diffusion transler, turbulent mee - atum
transte:r and turbulent energy transfer c¢an be expressed in the following
three sets of conservation equations:
(1) Mass conservation cquation of the air and diffusion equations
for water vapor and liquid water conteots
T)U‘. au: ’
3% e 70 (1) ‘
At aC oC S DI
TR el M vl Q*a w2
acwd ' acﬂd BCNQ ) Aty 1
ST T N T T LY Y
el woC ) kr -3;
dz "t Twa " ow T
7

e e



(0] MoTenlum Consarvatiag 2qud {isiiy

3 ey ¥ i PR 5 5 !K RES t
[ - [ —— - PR . RS, 'Y -
Jt x dx Tz o4z p oo Dz ( - - ’
kt"n‘{'}
2l A, . N a0
‘--*"- X = iy ua;’- - - » s ! . e o .‘\‘“ - Ce H
¢ \j‘ a,‘ u; ; L ‘}: P I ) - F w";v‘ ‘,‘ Kl bi
l
ou o Q ) i et
— % = U e . . ;. o s B
] at Ux Tix R R KLM 2 ) AT )'
0
(Z=w)
(C) Energy Conseriglion 2gustion
.219 = - 99. -u ?.Q + h I's 989
at X Ix z0z 9= h dz
LRI Ry
+ —— Atstareas . e PR
cC J (L il 02 (=i
P
where
N k., ,
Coa =© ';)-' (2-b)
xy -

TR
_LQW%J

y 2 I (
, Ni(r)r dr-»j )9 Ph r% rji LA2-y)
Lquation (2-1) is the expression of incompressible fluid for the con-
tinuity equation of dry air. This expression is true only when Lhe wind
velocity is much less than the speed of sound. le this  case, the wind
velocity up to 100 m altitude is in general less Lhan L0 m u—l which ig

less than 3% of the speed of sound.
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The change of the water droplet radius, in Bqoation (U-9); dae tu

»
T

condensation/evaporation is poverned by microphysical processes, and s

niven by (Carstens et al., 1974)

dc . P5af&q Pesr . Pedoe )
3 - " cn e emia.
gt pw(r+9,/ ° I3 r3 O b
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The nucleation process as considered in this paper, more specificaily
the constants of Equations (2-13) and (2-14), is valid only for pure
hygroscopic salts. The overwhelming fraction or urban particulaves is
hydrocarbon coated or mixed and therefore much less active as a nucleating
agent. Therefore, the proper modification is necessary for the model to
be applied to the simulation of particular problems associated with urban
pollutants as condensation nuclei for fog formation.

In the present study, the diffusivity of water vapor ia the air

follows the model presented by Fuller et al. (1966)
0.30! (M;' +M;‘)" rte 75 1oy The70 ‘
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The other constants, caployed In Bguations (2=10) to (X=16) which

are temperature dependent con be sfaplitied as follows (Palueh, 1471}

o - ¢ 5 ; ‘”l . 4 B oy
k=4, lb/f’ x10 ? (T"A?Jn l()) 20,0720 %10 ‘ ((‘ul/Cmg“h"hl‘(’) (.1'”1“)

L =737.44 - 0,52 T(cally) (et
g=75.7 = 0,148 (T ~273.16) (dynes cm“l). (J=00
The gemi-empirical expression 1s used for s ¢ and by, i.e.,
sat
, . sh inr 57373
P im) = 4,847 4 10 O Ll
sat ¥ ’
6118, s - 2 |
¢ 2k " STt oy Cem
P 2,_).1',) T J !
. UV (VA1 W L
b p5a:‘”’ v T Der did ) T B wm

Bquation (2-20) shows how surface tension ol thepure water depends
on the temperature. A recent study of water droplets exposed Lo polluted
air indicates that the evaporation is greatly different over a surtace

with pure water than over a surface covered with a monolayer (Hoffur

and Mallen, 1970). A Skylab experiment involving water droplets indicated 3
that the surface tension of the water droplet decreased drastically frow g
72.7 dyne em=t to less than 50 dyne em™! at 20°C for droplets contaminated k
with grape drink and strawberry drink (Hung et al., 1976). Therefore,

the decrease in the surface tension of the water droplet exposed to a

polluted atmogphere is taken into account. lowever, the order }
estimation of two terms in Bquation (2-10) between a/r and «,,:/r3 for the i

condition of a polluted atmosphere indicates that a/r is at least an
3 s o
order, or more, smaller than ¢/r”. This means that the variation of the

surface tension is not significant in the fog formation under polluted

10 '




s e

e . ———

atmosphierie conditions.  Nevertheless, the capesure ol Lhe watel droplety
in a polluted atmosphere makes a surface covervd with o wonolayer, Wi
drastically decreases the effective diftusicn coctiicient, 3o Fgmitici

(2-11), of the water droplet and makes the evapuration rate slow e

+ e e
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11, STUDY OF THE NUMLRICAL SIMULATION

The analvsioc of the chemival composition of atmespheric aeraosols,
the large quant itivs of S”Z’ NNZ, NH: and o streny aeid sachoan H,&n#
have been deteeted in highly industeialiced arcas (Leaderer et oal,,
1978),  Stronp evidetwe exists that the majer prodocer ot Nnx Lo Beem
the automobile. There is ne doubt that star fonary seurce tuel combust fone
also contribute a heavy traction ot the tota xnx emitted to the atno=
spheres Fuel=hoewnd nitrogen componndn are ammenia, peridioe, amd oone
other amines (Glasoman, 1977). Similar te .“'()x product fon by copbuedt Lo,
sulrer as an inherent impurity in both coal and petroleum, snx in alne
produced throuph tuel combust ion,

There are some very basoe ditterenee:s between the 8 problem and
that poesed by the tormat fon ot m&.'m-tmrwmﬁﬁh'mmnwuuzxin
any combust ion process dare either atmospheric or organically bound.
S can be present in elemental form, organically bound, or as a epecies
in various inorganic compounds.  Onece it enters the combunt ion process
it Is verv reactive with oxidizing speeies, and similar to fuel N, its
conversion to the snx is fast compared te the other energy releasing
reactions (Glassman, 1977).  The great quant ity of atmespherie acrosels
hsUmsfmmmifmmthumﬂhmmunnfM&emdS%{memhtm‘vmﬂmmw
photooxidation reaction.

The average mass concentration of - voseol particles from the National
Air Sampling Network in the United States ranges trom about 20 jig m-3 in
clean air in remote areas, to values of 60 to 200 uyp mm3 in urban areas
(Hidy and Brock, 1971). In the heavily polluted atmosphere of the highly
industrialized arcas, mass concentration with values as high as 2000

-

Hg m—J, have been reported (Scinfeld, 1975, As Yor partitle number
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ey i E 3 ]

. 2 . =4 .
voneentsation, it varfes trom 107 particles em 7 dn very clean alr to

r I

1’ part ieles \m—; in pelluted air,  The rading of venueanat ononseler
with combustion as i source ranges tren 0,01 to 1 ,m e dateld, 1475,

The average particulates pereentage distvibatow of mass cens ot ral o
for sox is abeut 187, and for NOX it is about 6 (Hidw ang sreck, Luii).

‘

e +, . \ =34
IThis mans that mass concentration for b”x fro roughly les than 10 e

=)
in vlean air, and ranges from about 20 te 50 4w 7 i pelluted care L

range of mass concentrat ion for NOX is roaghly one-third o3t aeount o
SV
%

Ir studying o5 droplet formotion based on avrosol popnlation, Jeur
stoeps are considered. It van be shown as follows:

Step 1. Momodisperse, Single=Component Acrusol Modely

Step 11, Monodisperse, Multi=tomponunt Acrouul Mouel;

Step TII. Non-Monodisperse, Single-dumponent Acrosol Modely

Step IV, Non-Monodisperse, Multi -Compounent Acrecel Hoded.
Step 1 was adopted by Hung et al. (1979) and Hung and Liuw (L979), Step
Il was considered by Hung and Liaw (1980). In the present studv, Stew
will be described by Chapter IV, and Step IV will be uiconanea e Chepr
V of this repurt.

The numerical techniques of the application of macrascepic riquatfons
(2-1) to (2-9), with the inclusion of the evaluation of turbuient diffucic,
parameters and other related physical parameters for the study of the dynogi

SO T ISHI

behavior of warm fog, are given in Hung and Vaugihan (1977). As vor the
of numerical computation, the method of implicit integraiion of ihe fia'r
difference equation was used to solve the governing partial differontial
equations. In other words, the numerical techniquc empleyed i« vssent {911

similar to that of Richtmyer (1957). The utiiization of nmirsroscepic

Equations (2-10)-(2-22) in solving the initial stage nf tho nucleatiom

13
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and the prewth ot the water droploets asseviated with acrooel partie beo e
divcossed in Hong and Huaokle (1977)3 while the prowth and decav o swater
droplets in terms ot secding of hvgroscopie clivmicals and oo veied partie Lo
are disvassed in Huany ot oal. (14978).

Reeont iy, Hung ot al, (19749) showed that the geresel poartic les vith
the higher number density, larger sice noelei, the beavier moans or the
nuelei, and the higher ratio of the Van't Hott tacter to the moleenlar wedpid
fuvor the tormation ol the lower vicibilits advection teyps with otronser
vert ival vneryr transter durine thenuelezt fon andeossdenoat fon e peried,

The turbulent eschange cocttivients coploved in this study are baoed
vy empirical tlux gradient relatiomg, The detadled deseriptions are Tisted
in Appendiz Al

In this computat ion, the method of jmplicit integyation ot the Pinity
difference equat fons s been used to solve the povernine part ol aitterontial
equat ions. The fnitial values of the wind protile, temperature protfile, qmd
the relative humidity use the results of tield measuroments tiaken alone the
California coast by Mack et al. (1973, 1974, 19/9).  The similar initiad
vaiues of field measurements had also been used in tog tormat ion studies
with detailed deseriptions given by Hung et al. (1979).

In the horizontal geometrical X-coordinate, the initial temperature
at the ground was 14°C evervwhere, and decreased to 12,5°¢ within one and
a half hours linearly at the location of the temperature sink 3 km: x - b km,
The source terms of Equations (2-2) and (2~3) were assumed to be zZero at
time, t = 0; and ¥ =T at time, t -U. Here, ¥ = IF s where the

eV Tew cw Wy

subseript i denotes the species of hygroscopic aerosols serving as the
condensation nucleus. ch is computed from the time rate of chanype of (twa
defined in Equation (2-9) with the substitution of tbe growth of a water
droplet radius obtained from microphysical processes based on various

14
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species of hygroscopic aerosols given in Equation (2-10). ‘Thus, the micro-
physics equation can be coupled with the macrophvsical dynamic equatiops
through source and sink .erms, ch and ch. Reasonably large time steps
have been used to obtain a computationally stable solution.

The wvisibility is computed by using the relation

visibility = Q-i%i% (m) (5-1)

wherce 3 is related to the drop size distribution, N(x), and to Mie scattering
efficiency, SM, which is important for droplets larger than 1 m, accorling

to

~
[y
H
[t
-~

=47 S~ SM N(r)xdr.
¢}

SM is very close to the value unity if the drop size distribution is of

the same size. It takes a higher value, exceeding, perhaps 2, with a

broad specirum of the drop size distribution (Mason, 1971). To elucidate

the fog optical properties, Low et al. (1978) examined the effects of
different spectral shapes and widths on gamma and lognormal distribuiicus
with the same liquid water content, and concluded that the drop cize
distribution greatly affects the result of visibility even though the liguid
water content is the same.

Fog is define in terms of visibility. Wnen the distiibution of aervirni
particles causes the visibility to go below the 1 km range the onsct of fog
has been determined (Silverman and Weinstein, 1974). In this study, the
formation of fog implies that the visibility is below 1000m rangc.

In this study, the radius of condensation nucleus, r, depends on
the relative humidity S, mass of nucleus Mg s and chemical compositicen

in terms of Van't Hoff factor and molecular weight i/MS, which may he

15
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written (Mason, 1971)

(3-3)

where a and ¢ are expressed in Equations (2-15) and (2-16), respectively.
In this study, computer program documentation, and Fortran listing
of the computer program are described and listed in Appendices B, and

C, respectively.

FUNPRE, S U
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IV, ADVECTION FOG IN A POLLUTED ATMOSPHERL BASED ON

MULTI-DISPERSE, SINGLE-COMPONENT MUDEL

In the present chapterwe consider multi-disperse particle size distri-
bution as aerosol population in contrast to monodisperse acrosol distii-
bution comsidered by Hung and Liaw (1980).

Three types of particle size distribution are considered with keeping

the total mass concentration as a fixed value.

and also to make the comparison of results ecausicr, the combinatiou of three

step functions for each distribution is chosen.

particle size distribution are expressed in }igure 1. These distributions

can be shown as follows:
(1) Type A Distribution:

8100 particles/cm3, for

N =
N = 4000 particles/cm3, for
N = 17¢0 parcicles/cmg, for

(2) Type B Distribution:

3225 particles/cmB, for

N =
N = 4500 particles/cmB, for
N = 2500 particles/cm3, for

(3) Type C Distribution:

2150 particles/cmB, for

N =
N = 3000 particles/cmB, for
N = 3500 particles/cmB, for

where N stands for the number density, and r implies radius of nucleus.
The total initial value mass concentration of the aervosol particles as
condensation nuclei for Types A, B and C distrikution are constant and
with a value of 54.9 ug/m3. With keeping the mass concentration fixed,

the total number of densities of Type A, B and C are 13,800, 10,

17
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Three tvpes of aerosol population distri

Each distribution is a combination of three ster
functions in which the total mass concentration
is conserved and equal to 55.9 ugtms.



and 8,650 purticl's/cm3, respectively.

Since the pollutant, sox, dominates the combustion-related air
pollution as indicated by Hidy and Brock (1971). The present »tudy
considers the contribution of SOX as a major condensation nucleus tor
fog formation, considering the effect of various non-monudisperse
distributioun aerosol population.

In the present study, the initial values of the wind profile, tempera-
ture profile, and the relative humidity use the results of field measure—
ments taken along the California coast by Mack et al. (1973, 1y74 and
1975). The similar initial values of field measurements have also been
used in fog formation studies, with detailed descriptions, given by Hung
et al. (1979).

In this study, the computation was carried out with oune hour time
coordinate after the fundamental equations were solved simultancouslv

in conjunction with the initial values adopted from field measurements
provided by Mack et al. (1973, 1974 and 1975). The computaticn of a

one hour time coordinate was conducted for the purpose of waking all

the physical parameters involved in the model self~-consistant. In the
horizontal geometrical x-coordinate, the initial temperature at the ground
was 14°¢C everywhere. After a one hour time coordinate computation, the
ground temperature decreased one degree linecarly in one hour aL the
location of the horizontal x-coordinate 3 km £ x £ 6 km, The result of
the time coordinate indicated in this paper, began at the time the sround

temperature started to decrease linearly.

19
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Comparison of the degree of fog formation in terms of visibility is
made for the variety of aervsol partiele size distribution with total wass
concentration of aerosols produced by encrgy-related combustion kept at a
constant value. Ammonia sulfate is chosen in this paper as an cexample
of the species of air pollutant snx which dominates the combustion-related
air pollution as indicated by Hidy and Brock (1971).

Figure 2 illustrates relative humidity and visibility profiles at
two horizontal locations, x = 3 and 6 km, and both at vertical location,

z = 1m, of the formation of advection fog associated with type A distri-
bution, shown in Figure 1, of the aerosol as condensation nuclei. Figure
3 shows the similar relative humidity and visibility profiles of the
formation ot advection fog associated with type A distribution acrosols
for different vertical location at z = 4 m, with the same conditions as
Figure 2. These two figures show that advection fog with visibility
below 1000 m was formed at time t = 52 min. and relative humidity s =
98.6% for altitude z =lm; and at time t = 86 min and relative humidity
s = 97.8% for alt‘tude z = 4 m associated with type A aerosol particle
size distribution.

Similar computations are also accomplished for advection fog formation
associated with aerosol particles, (NH4)2804 as condensation nuclel with
size distributions types B and C, as shown in Figure 1. Figures 4 and 5

illustrate similar relative humidity and visibility profiles ar two different

20
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Visibility and relative humidity profilus of fop

formation due to condensation nuclei, (Nué)zsoé,

with type A acrosol population distribution, as

shown in Figure 1,

x = 3 and 6 km, and both at vertical location,

Z 1m.
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Figure 3. Visibility and relative humidity profiles of fog
formation due to condensation nuclei, (NHQ),SUQ,

with type A aerosol population distribution, as
shown in Figure 1, at two horizontal locations,
X 3 and 6 km, and both at vertical location,

z 4 m,

nu
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altitudes 2 = 1 and 4 m, respectively, with type B acrosol size diseri-
bution, and the rest of the other conditions the same as thar of Fipnre 2
for the formation of advection fog with ammonia sulfate as condensation
nuclei. These two figures show that advection top with visnibility buiow
1000 m was formed at time t = 53 min and relative humidity o = 94,07 for
altitude z = 1 m; and at time t = 92 min and relat.ve humidity & = 8,15
for altitude 2z = 4 m associated with type B aerosol particle size distri-
bution. Comparison between Figures 2 and 4, and Figures 3 and & indicate
that coundensation nucledi with type A distribution initiates the forumition
of advection fog at least more than L min at altitude z =1 m, and 6 min
at altitude z = 4 m earlier than the condensation nuclei with type B
distribution in this particular case. Furthermore, relative humidity

at which fog starts to form is lower for aerosols as condensation nucledl
with type A distribution than type B distribution. DBy re—czaminiug Figure,
1 to 5, it can be concluded that the effect of particle size distribution

of aerosols as condensation nuclei is significant cnough to aftect the

degree of fog formation, and also that the distribution with higher particle

number and small particle size is more favorable in dense fog formacion
than the distribution with lower particle number and larger particle size

acrosols when the value of mass concentration is kept constant.
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Figure 4. Visibility and relative humidity profiles of foy
formation due to condensation nuclei, (NHA)“S“4’

with tvpe B aerosol population distribution, as
shown in Figure 1, at two horizontal locations,

z = 3 and 6 km, and both at vertical location,
z = 1m
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Figure 5. Visibility and relative humidity profiles of fog

formation due to condunsation nuclei, (NH;)GSOQ,
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with type B aerosol population distribuation, as
shown in Figure 1, at two horizontal locations,
x 3 and 6 km, and both at vertical locatien,

P 4 m,
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As Lo adveetion tog tormation ansoeiated with tvpe ©oditribation
of acvrosols as condensation nueled, Figures o oand 7 show oinilar relative
humidity and visibility protiles ter two ditterent vertical locatioae,
2= 1 and 4 n, respectively, with the same conditions an Fiyures 2 and 6,
except the ditferent particle sise distribution as indicated, Theoe twe
figures again show that adveetion fop with visibility below Gy o wan
formed at t = 55.% min and relative humidity & = y4,9 for altitumie at
2z = lmyand at time t = Y4 min and relative huwidity o = Y6, tor
altitude at 2 = 4 m, In comparison with Figures 2, 4 and 6, the results
show that condensation nucled with tvpe A distribution initiate: the
formation of advection fog at least more than 3.5 ming and type b Jdintri-
bution, at least more than 2.5 min carlier than the condensat ivi nueled
with type € distribution at altitude @ = 1 m inthis particular cise, boer
the altitude 2 = 4 m in comparison with Figures 3, 5 and 7, the resualts
show that condensation nuclei with type A distribution initiates the
formation of advection foy at least more than 8 ming and tvpe B distri-
bution, at least more than 2 min carlier than the condensation nucled
with type C distribution in this particular casce. Furthermore, relative
humidity at whiech fog starts to form is lower for derosols as condensat ion
nuclei with type A distribution than type B distribution, which are in

turn lower than type (¢ distribution.

Among the effects of air pollution on atmospheric properties, the
most notilceable effect is perhaps the reduction in visibility, with and
without the occurrence of condensation, The serivs of the present study
is particularly interested in how aerosols, produced by energy-related

combustion, as condensation nuclei affect the tormation of advection
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fog. Hung and Liaw (1980) showed that the greater the mass concentration,
the particle concentration, and the size of the radius of cond. .mation
nuclei, the denser the fog Ls that is formed. However, by using the mono-
dipserse distribution model, Hung and Liaw (1980) indicates that the particie
concentration, rather than the size of the radius of nuclel provides

preater contribution to the formation of fog, if the value of mass con-
centration is kept constant.

Observation shows that particle size distribution for combustion
related aerosols are widely spread rather than monodisperse dictribution,
The results given in this study are based on multi~disperse distribution
which is the combination of the three step functions for ecach distribution,
and a single component aerosol model. The following conelusions resulted
from the present study:

(1) Aerosol distribution with higher particle concentrution, rather
than the size of aerosol nuclei, support a greater contribution
to the formation of fog, if the value of mass concentration is
kept constant.

(2) Relative humidity, at which advection fog with visibility below

000 m is formed, is lower for aerosols of distributiou with

the higher particle concentration, which is in turn the smaller

size of aerosol nuclei, than lower particle concentration, which
is in turn the larger size aerosol nuclei, if the value of aaos

concentration is kept constant.

(3) Aerosol population with high parvicle cencentration~shil tedd
distribution [see Figure 8(a)] provides more favorable con-—
ditions for the formation of demse fog than theacrosol
population with low particle concentration-stifted distribaticoe

isee Figure 8(b) for description].
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ALRUSOL PUPULATIGN DISTRIBUTIUN

(A) HI1GH PARTICLE CONCENTRATION-SHIFTED (B LOM PARTICLE CORCLNTRATED-SHIFELI

DISTRIBUTION DISTRIBUTION
= i
i o
e &

EQ b
(3 ) (%]
£ g
RADIUS OF NUCLCI RADIUS OF NUCLEL
Figure 8. Acrosol population distribution with a fixed value

of mass concentration: (a) ligh particle concen-
tration - shifted distribution; (b) Low particloe
concentration - shifted distribution.
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i V. ADVECTION FOG IN A POLLLILD ATMOSPHERE BASED ON A

MULTT-DLSPERSE, MULTI-COMPONLNT MODEL

In contrast to monodisperse aerosol distribution cousidered by Hung

and Liaw (1980), the present chapter adopts multi-disperse particle sizc
distribution as the aerosol population and the multi-component acrovsol
j model to investigate the behavior of fog formation.

For each different species, three types of particle size distributicas

are considered with keeping the total mass concentration of the aerosol
particles as a constant value. To simplify the calculation, and also to
make the comparison of the results easier, a combinatioun of the three step
1 functions for each distribution is chosen. Two components of pollutants,
(NH4)2304 and Ca(NO3)2, each component with three types of particle size

\ distribution, are expressed in Figure 9. The total mass concentration

for cach component of pollutants is fixed. They are 54.9 and 18.3 up‘,/mJ

.

for (NH4>2SQf““‘*‘N03)2’ respectively. The range of mass concentration

for Ca(NO 80, .  These

is roughly one-third of the amount of (NH4)2 4

3)2
distributions can be shown as follows:

) i (1) Type A Distribution

gl

; | (MH,),80, N = 8100 particles/cm,
1

]

4 or r = 0.075

4000 particles/cmB, for r = 0.100 ym

=4
i

1700 particles/cm3, for r = 0.125 m

o
=
i

1800 particles/cmj, for v = 0.075 um

i

La(N03)2 N

=4
1

1250 particles/cmj, for r = 0.100 m

N = 600 particles/cm3, for r = (.125 um

" it |
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(2) Type B Distribution

ﬁ (N“4)25”4 N = 3225 particles/cm3, for r = 0.075 um

N = 4500 particles/cm3, for r = 0.100 um
ﬁ N = 2500 particles/cm3, for r = 0.125 um
& Ca(N03)2 N = 1000 particles/cms, for r = 0,075 1m
’ N = 1200 particles/cmB, for r = U.1090 um
g{ N = 800 particles/emB, for r = 0.125 um

(3) Type C Distribution
‘ (NHZ‘)ZSO4 N = 2150 particles/gmj, for r = 0,075 um

N = 3000 particles/cm>, for r = 0,100 um

3500 particles/cm3, for v = 0.125 um

=4
L]

Ca(NO N = 550 particles/cmj, for r = 0.075 um

ot

3)2
N = 900 particles/cmB, for r = 0.100 jm

]
]

N = 1050 particles/cmj, for r = 0.125 jm

where N stands for the number density, and r implies radius of nucleus.

In Figure 9, the solid lines express the particle size distribution for

§ (NH 804; and the broken lines show the particle size distribution for

42

CA(NO With keeping mass concentration fixed, the total number

3)2'

densities of (NH4)280 for Types A, B, and C are 13,800, 10,225 and 8,650

4
particles/cm3, respectively; and the number densities of Ca(NO3)2 for
Types A, B, and C are 3,650, 3,000, and 2,500 particles/cmB, respectively.
?@ In the present study, the initial values of the wind profile, tempora-
ture profile, and the relative humidity use the results‘of field measure-
- ments taken along the California coast by Mack et al. (1973, 1974 and
1975). Similar initial values of field measurements have also been used

in fog formation studies, with detailed descriptiomns, given by lung

Ql et al. (1979).
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The numerical study of the application of macroscopic cquations,
as shown in Equations (2-1)-(2-Y), with the inclusion of the evaluat ion
of turbulent diffusion parameters and other related physical parameters
for the study of the dynamical behavior of warm fog, is given by Hung
and Vaughan (1977). As for the scheme of numerical computation, the
method of implicit integration of the finite differcence equation was
used to solve the governing partial differential equations. In other
words, the numerical technique employed is essentially similar to that
of Richtmyer (1967). The utilization of microscopi: equations in
solving the initial stage of the nucleation and the growth of the water
droplets associated with aerosol particles is discussed in Hung and
Huckle (1977); while the growth and decay of water droplets in terms
of seeding of hygroscopic chemicals and acrosol particles is discussed
in Hung et al. (1978). Mathematical expressions of the computation of
the visibility of fog from the drop size distribution of the water drup
spectrum, are given in Hung et al. (1979).

For the purpose of making all the physical parameters involved in

this model self~consistant, the computation of a one hour time coordinate

L es.

was conducted after the fundamental equations were solved simultancously
in conjunction with the initial value adopted from field mcasurements
provided by Mack et al. (1973, 1974 and 1975). In the horizontal
geometrical x-coordinate, the initial temperature at the ground was 14°C
everywhere. After a one hour time coordinate computation, the pground
temperature decreased one degree linearly in one hour at the location i
of the horizontal x-coordinate 3 km< x< 6 km. The results of the time |

coordinate indicated in this paper, again, began at the time the ground

temperature started to decrease linearly.

34
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Comparison of the degree of fop formation in terms of visibility is
made for a variety of aerosol particle size distribution for multj-
component species with the total mass concentration lor cach specics uf
acrosols produced by energy-related combustion kept at a constant wilue,
Both ammonia sulfate and calcium nitrate are chosen as the example ol
the species of air pollutants SOx and Nox which dominate the combust fon-
related air pollution as indicated by Hidy and Lrocek (1971).

Figure 10 illustrates relative humidity and visibility profilues at
two horizontal locations, x = 3 and 6 km, and both at the vertical
location z = 1 m, of the formation of advection fog associated with
type A distribution, as shown in Figure 9 of the acrosol as condensation
nuclei. Figure 11 shows a similar relative humidity and visibility pro-
files of the formation of advection fog associated with type A distribution
acrosols for different vertical locations at z = 4 m, with the same con-
ditions as Figure 10. These two figures show that advection foy with
visibility belo& 1000 m was formed at time t = 26 min aund relative humidity
S = 96.1% for altitude z = 1 m; and at time t = 51 min and relative
humidity § = 95.6% for altitude z = 4 m associated with type A acrosol
particle size distribution.

Similar computations are also accomplished for advection for formation
associated with two-component aerosols, (NH4)2804 and Ca(NU3)2, as con-
densation nuclel with size distributions of types B and €, as shown in
Figure9. Figures 12 and 13 illustrate similar relative humidity and
visibility profiles at two different altitudes z = 1 and 4 m, respectively.
with type B aerosol size distribution, and the rest of the other conditions
the same as that of Figure 10 for the formation of advection fog with both

ammonia sulfate and calcium nitrate as condensation nuclei. These two
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TYPE A DISTRIBUTION

ALTITUEL = 1 M

(gD pS0y ¢ N = R100/cr? , Ro= 075 CAKOR ¢ = 1500/cn) 4 R = 00
N o= 4000/cnd , R o= 100 5 = 1250/ed , R = L1
Ho= 1700/cnd , R= 125 um ; Ne= E/en? , R 12w
MASS CONCENTRATION = 54,9 us/n ARGS COMENTRATION = 18,7 o/
RELATIVE HURIDITY VISIBILITY === ===~
X =3 kM =6 Kk
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Figure 10.

TIME  ( min )

Visibility and relative humidity profiles of fog
formation due to condensation nuclei, (NH4)2804
and Ca(NO3)2, with type A acrosol population

Figure 9, at two
3 and 6 km, and both
Im.

distribution, as shown in
horizontal locations,
at vertical location, z
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Figure 11.

Visibility and relative humidity profiles of fog
formation due to condensation nuclei, (NH4)250

and Ca(NO 9? with type A aerosol population

3)
distribution, as shown in Figure 9, at two

horizontal locations, x = 3 and 6 km, and bLoth
at vertical location, z = 4m.
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Figure 13.

Visibility and relative humidity profiles of fog
formation due to condensation nuclei, (NHA)ZSOA
and Ca(NO3)2’ with type B aerosol population

distribution, as shown in Figure 9, at two hori-
zontal locations, x = 3 and 6 km, and both at
vertical location, z = 4m.
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tipures  show that advection oo cth vicdbilaty Delow T towaes torie g
at time t = ot win and relative banidity 5 - 9700 for altitude o g
and at time t = b2 min and relative bhuaddity 9§ 7 w608 ter altituwde o0 G
associated with type B acerosol particle siee dintrilation.  towparinon.
between Piguree 10 and 12 md Pigares 1 oand 13 indivate thet codensat ion
nuclel with type A distribution fmitates the formation ot adveetion tog
at least more than 10 win at altitude 2 = 1w, and 16 win at altitade o
4 m earlier than the condensation nuelei with type b distribution in
this particular case.  Furtherm re, relative humidity at wihiich oy start
to form iu lower tor acrosels ds condensation nuclei with tvpe A distri-
bution than tvpe B distribution., by reeczamining Fipures 1=5, it can
be concluded that the etffeet of the particle size distribation ot the
acrosols as condensation nueled is signilicant enough to ardoct i depree
of fog formation and also that the distribution with a Bigher particle
number and a smaller particle size is more favorable in derse fog tormation
than distribution with a lower particle number and larper particle sice
aerosols when the value of mass conecentration is hkept eonstant.  This
result further contirms the computation obtained for the various acrosol
size distributions with the single=component model.  Comparisons between
single~-component and multi=component models show that the multi-componeut
model definitely enhances the dense foy formation more than the single~
component model,

As to advection fogp formation associated with tvpe € distribution
of aerosols as condensation nuclei, Figures 14 and 15 show similar relative
humidity and visibility profiles for two different vertical locations,

z=1 and 4 m, respectively, with the same conditions as Figures 10 and 11
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with the exception of the different particle size distribution as indi-
cated.  These two figures again show that advection fog with visibility
below 1000 m was formed at t = 38 min and relative humidity § = 97.2% for

altitude at z = 1l m; and at time L = 71 min and relative humidity

« 8 = 90.4% for altitude at z = 4m. In comparison with Figures 10, 12

and 14, the results show that condensation nuclei with type A distribution
initiates the formation of advection fog at least more than 12 min: aud
type B distribution, at least more than 2 min earlicr than the conde
Y sation nuclei with type € distribution at altitude z = 1m, in this
particular case. For the altitude z = 4m, in comparison with Figures
11, 13and 15, the results show that condensation nuclei with type A distri-

s bution initiates the formation of advection fog at least more than 20

minm, and type B distribution, at least more than 4 min earlier than the

condensation nuclei with type C distribution in this particular ecase.

Furthermore, the relative humidity at which fog starts to form is lower

for aerosols as condensation nuclei with type A distribution, than type

i,

B distribution, which in turn, is lower than type C distribution.

The results given in this chapter are obtained ifrom multi-disperse
distribution, which is the combination of threc step functiomns for cach
I distribution, and a multi-component aerosecl model. The following con-
clusions resulted:
(1) Aerosol distribution with a higher number density, rather than

the greater size of aerosol nuclei, produce a more favorable

i
' contribution to the formation of lower visibility of foy, il the
i value of mass concentration of aerosols is kept constant.

(2) Relative humidity, at which advection fog with visibility bolow

s
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1000 m is formed, is lower for acrosols of distribution with
a higher particle concentration if the value of mass concentrat ion
of aerosols is kept constant.,
‘ (3) In addition to the contribution made by S0, which dominates the
% air pollutlion produced by energy-related combustion, NUX, which :
¢

is roughly one~third of the amount of SUX, provides a congiderable
) contribution to foy formation, and i¢ important cnouph Lo be

i included in the fog formation prediction.
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VI, LIQUID WATER CONTENT RESULTLNG FROM CONDENSATION EFFECTS

The mathematical simulation of the formation cf advection fog based
on the multi-disperse diot: tion of the aerosol population shows that

the aerosol distribution with a higher number density, rather than greater

size of aerosol nuclei, produce more favorable conditions for the formation

of denser fog, if the value of mass concentration of the aerosol particlus
is kept constant. It is of considerable interest to study the liquid
water content resulting from the effects of the condensation nrocesses in
which the aerosol particles with a variety of distribution functions are
taken into consideration. The results of liquid water content are very
important in the study of the acid rain problem.

A growing body of evidence suggests that acid rain may have sub-
stantial adverse effects on the enviromment. Such effects include acidi-
fication of lakes, rivers, and groundwaters, with resultant damage to
fish and other components of the aquatic ecosystem; acidification and
demineralization of soils; reduction of forest productivity; damage to
crops; and deterioration of man-wade materials. These effects may be
cumulative or may result frum peak acidity episodes. The study of liquid
water content due to condensation processes associated with SOx and NOX
as condensation nuclei of multi-disperse distribution may be beneficial
to the study of potentially impacted ecosystems due to acid rain.

With the same initial and boundary conditions we csnsidered in the
previous section, the cime dependent liquid water contents were calculated
with types A, B and C particle size distributions, as shown in Figure 9
for (NH4)ZSO4

as condensation nuclei. Figure 16 illustrates the time change of the

45

and Ca(N03)2 as two major components of the aerosol particles
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Figurce 16. Time rate of change of the amount of liquid water content

associated with condensation nuclei, Az:bvomo and Ca{(ND

4 wvgu
with type A aerosel population distribution, as shown in
Figure 9, at two horizontal locations, x = 3 and 6 km, and

both at vertical location, z = 1 m.
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i increase of the liquid water contents at two horizontal locations, x =3
‘ and 6 km, and both at the vertical location 2 = 1m, of the formation ot
atmospheric acid deposition of wet removal processes assoclated with type
' ﬂ A distribution of aerosol as condensation nuclei. Fipure 17 shows a
b ‘i similar time change of the increase of the liquid water content of the
: - formation of acidic deposition of wet removal processes associated with
& type A distribution aerosols for different vertical locations at z = 4 m,
’ ’ with the same condition as Figure 16. These two fipures show that acidic
i ﬁ deposition of the liquid water content becomes 102 ug;/m3 at time t = 40 ‘
y min for altitude z = 1lm; and 130 ug/m3 at time t = 75 min for altitude
| z = 4m associated with type A aerosol particle size distribution. ‘
ﬂ As to the type B aerosol size distribution, Figures lY¥ and 19
| illustrate a similar time change of increase of acidic deposition of
; ﬁ liquid water contents at two different altitude z =1 and 4 m, respectively, i
) } with the remaining conditions the same as that of Figure 16. A comparison ‘
‘ | between Figures 16 and 18, and Figures 17 and 19 indicate that the formation %
| 4 of atmospheric acid deposition of wet removal makes no difference for %
7 condensation nuclei with types A and B distributions. 5
‘ i As to the time change of increase of liquid water content associated
’ - with type C distribution, Figures 20 and 21 show similar profiles at two ?
f different altitudes, z =1 and 4 w, respectively. Comparison with Figures
ﬁ le, 18 and 20, and Figures 17, 19 and 21 show that the atmospheric acid
deposition for wet removal processes make no differunce‘for the acrosol |
population with any distributions so long as the mass concentration of ;

the aerosol particles is the same value.
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Figure 20. Time rate of change of the amount of liquid water content

associated with condensation nuclei, AzzvamOb and Ca ZOwuwu

with Tvpe C aero-:l population distribution, as shown in
Figure 9, at two horizontal locatioms, x = 3 and b Im, and
hoth at vertical location z = 1 nm.
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VII. CONCLUSIONS AND DISCUSSION

The analysis of the chemical composition of atmospheric aerosols,
the large quantities of SOZ, NOE, NHZ and a strong acid such as HZSO4
have been detected in highly industrialized areas (Leaderer et al.,
1978). Strong evidence exists that the major producer of NOx has been
the automobile. There is no doubt that stationary source fuel combus-—
tions also contribute a heavy fraction of the total NOx emitted to the.
atmosphere. Fuel-bound nitrogen compounds are ammonia, pyridine, and
many other amines ( Glassman, 1977). Similar to NOx production by
combustion, sulfur as an inherent impurity in both coal and petroleum,
SOx is also produced through fuel combustion.

There are some vevy basic difference between the sulfur problem
and that posed by the formation of the nitrogen oxides. The two
possible sources of nitrogen in any combustion process are either
atmospheric or organically bound. Sulfur can be present in e¢lemental
form, organically bound, or as a species in various inorganic compounds.
Once it enters the combustion process it is very reactive with oxidiz-

ing species, and similar to fuel nitrogen, its conversion to the

sulfurous oxides is fast compared to the other energy relecasing reaction

reactions (Glassman, 1977 ). The great quantity of atmospheric aerosols
is thus formed from the pollutants of NOx and SOx through the gas-phase

photooxidation reaction.
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Among the effects of air pollution on atmospheric properties,
the most noticeable effect is perhaps the reduction in visibility, with
and without the occurrence of condensation. The series of present
study, which we have accomplished here, have been particularly
interested in how aerosols, produced by encrgy-related combustion, as
condensation nuclel affect the formation of advection fog. These
aerosols provide the major source of condensation nuclei for the forma-
tion of fog in the arcas of busy highways, airports, seaports, etc.
How these pollutants affect our living environment, in particular the
formation of advection fog, is also our major concern in the present
study.

The conclusions obtained from the present series of studies can be

summarized as follows:

(1) Hygroscopic chemicals with higher ratio of the Van't Hoff
factor to molecular weight produce more favorable conditions
for denser advection fog than chemicals with lower values of
the ratio.

(2) A higher number density of aerosol nuclei produces advection
fog with lower visibility during the nuecleation and condensa-
tion processes than a lower nuclei number density,

(3) Heavier mass nuclei aerosol particles favor the formation of
advection fog with a lower visibility than do lighter mass
nuclei during the nucleation processes.

(4) Condensation nuclei with larger radii cause a denser advection
fog than condensation nuclei with smaller radii.

(5) For a condensation nucleus to grow into a droplet, the air

xe .
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(6)

(7)

(8)

(9)

The

TR e nams

must have attained a certain degree of supersaturation. This
condition is not necessarily true for a condensation nucleus
associated with a polluted atmosphere which ean be easily
grown into a droplet and produce a dense fop without baving
the air attaining supersaturation.

In the analysis of air pollutants, the range of mass concen~
tration for NOx is roughly one~third of the amount of SOX.

The major contribution of combustion-related pollutants as
condensation nuclei in the formation of fog comes from
aerosols with species of SOX. However, Nox as condensation
nuclei also gives a considerable great contribution to the
formation of fog.

Aerosol distribution with higher particle concentration,
rather than the size of aerosol nuclel, support a gpreater
contribution to the formation of fog, if the mass concentra-
tion is kept constant.

Relative humidity, at which advection fog with visibility
below 1000 m is formed, is lower for aerosols of distribution
with the higher particle concentration, which is in turn the
smaller size aerosol nuelei, if the value of mass concentration
is kept constant,

Aerosol population with high particle concentration-shifted
distribution provides more favorable conditions for the forma-
tion of dense fog than the aerosol population with low particle
particle concentration-shifted distribution.

results of the present study sre in reasonably good agrecment

pe1]
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with field oboervations from the Califernia count oade by Hack et al,
(1973, 1974 und 1975), and others, althouph a detafled verparioen io
not. possible at this time beeause of the linit nanber of time dependent
neasurenents of dynamie corditions and acresel data in the horivental
and vertical coerdinates,

The present study can be developed as 4 numeriea® predivtion o
the formation of adveetion fog with the vale o of following paraneters
as initial input: (1) wind profile; (2) tesperature profile;

(3) humidity profile; (4) mass conceatrvation of aerosel particlen;
(5) partiecle size digtribution of acrosels; and (6) chewleal conponie-

tion of aerosols.
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APPENDIN A
EVALUATION OF KEY PARAMETERS IN THE

MATHEMATICAL MUDEL

The turbulent exchange coefficients proposed in this model are
based on emplrical flux gradient relations which have been measured in
studies of turbulent transfer in the lowest 50 m or so of the atmo-
sphere (Businger et al., 1971; Panofsky, 1974; Pasquill, 1974; Huang,
1975).

(i) TYarameterized Fluxes of Momentum, Heat and Moisture

The parameterized fluxes through the surface boundary layer serve
as the boundary conditions for the turbulent exchange processes in the
transition layer. The "bulk aerodynamic' method (Roll, 1965) was used

to parameterize the surface boundary layer fluxes of momentum, heat

and moisture.

au
*2
u = Km "—a'zl (A-1)
|
f . 30
{ e =
Pe
f P
“ E Z)C\m
-5 Kd 2 (4*3)

* 15
Here u = (t/p)? is the friction velocity; H, n' > wartical heat
flux through the surface boundary layer; E, the flux of vapor through
the surface boundary layer; and T, the surface stress tensor.

Within
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1 the constant flux layer, it can be shown that the non-dimensional wind
shear, temperature gradient and vapor flux gradient can be expressed
g in the form
i kz ou z
| v T ) (a-4)
S z 00 z
“ 5z =t ) (A-5)
;
i = = 4G (A-6)
C* 3z 4L
! va
|
f where
| | u* C_pT
Ls = - K g i = Monin-Obokhov scaling length
| k = 0.4 = Von Karman constant :
) T* = ~ (wl;9 ’~E—) = scaling temperature ;
& ku ‘oC :
3 ¥
: P
i
;

c* = =) = geali ter vapor mixing ratio.
va (ku*) ( ) scaling water vapor mixing i

By definition, then, within the surface boundary layer, the

exchange coefficients for momentum, heat and diffusivity can be shown j

to be:

g _..d

K = —utke (A-7)

m Z
¢m(i;)

#
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In the advection fog model, these turbulent exchange coefficients
are multiplied by the factor exp [—8fz/u*] , obtained by Shir (1973)
in a numerical study of a neutral boundary layer, to provide a
reasonable behavior of the turbulent exchange coefficients above the
constant flux layer in the model.

In this model, the relations of non-dimensional wind shear
¢m(ﬂg—); temperature gradient, ¢h(~%-); and water vapor flux gradient,

s s
. 4 .
(- ); are used. These parameters are based upon atmospheric
d P

L
s
measurement within the surface boundary layer under relatively steady-
state and horizontally homogeneous conditions ( Pancfsky, 1974).
Under stable conditions LS > 0, the relations (Webb, 1970)
—— = ___Z_- -

are used. Under unstable conditions or LS <0, the relations (Dyer,

1974)
- z =l
b= (1=16 ;%) (A-11)
S
- =02 = _ g 2y7E -
Iy =g 7Oy T (1165 (A-12)

are used. Under neutral conditions or H = 0. both the stable and
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unstable relations reduce to (Dyer, 1974; Huang, 1979)
¢h =y = ¢m =1 (A-13)

The turbulent exchange coefficients Km, Kh and Kd can then be
computed for every grid point in the model from Equations (A-1) to
(A-12), using the friction velocity u* and the scaling length LS
determined for the column.

(ii) Infrared Radiation Flux Divergence

The model for the infrared radiative flux divergence produced by

fog adopted the model proposed by Goody (1964)

BRf(z) 4
2 = 0.4 ds T Kw(z) pra(z)
2
- ' ' ' -
. exp|~1.6 JF Kw(z ) pra(z ) dz (A-14)
z

where o; 1s the Stefan-Boltzmann constant; Kw’ spectrally-averaged
mass absorption coefficient of fog for infrared radiation (cmz/g);
and Zgo the height of the fog top. The absorption coefficient Kw is

the model proposed by Zdurkowski and Nielsen (1969)

2/3

41p

(pC ) (A-15)

wa

1.6 K pC_ = 1.6 a3 ¢ 3\’-)2/3
For the absorption per unit path length in the fog.

(iid Terminal Velocity of Fog Drops

The sedimentation of the fog drops can be simulated through the
mean terminal velocity Ut which follows Stokes relationship (Fletcher,

1966)
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Ut = 1,2 x 10 r tem/sec) (A=1h)

where r is the radius of the fog drops.
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APPENDIX B
PROGRAM DOCUMENTATION

8.1, Introduction

The program documentation provided in this Appendix is scpavated
into several parts. (1) Within the introduction the essential features
of the program are described together with a discussion of some model
capabilities, (2) A brief discussion of the control which can be
exercised over the program in order to study particular features of
advection fog. (3) A description of input cards. (4) A listing and
definition of variables and controls used in the program. (5) Three
pages of sample output. This presentation is designated to allow
others to make the program accomplish their desired aims with a minimum
expenditure of learning time.

The program described here provides a tool for studying both the
formation and dissipation of advection fogs in the vertical (X-Z) plane.
In the discussion which follows, quantities which occur in the computer
program are capitalized; those that are input quantities are underlined.

The model can describe the evolution of the fields of U, V, Y, PT,
R and W from a variety of initial conditions, subject to the imposed
upper and lower boundary conditions. The initial conditlons are put
into the program by sets of input cards which are based on the field
observations. The lower boundary conditions represent the earth's

surface, either land or ocean, at which PT is constrained to be equal
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to the surface temperature, The alace teaperature van tabe on pany
desired confipurations along the X=-axis, At the upward boumndary, the
dependent variables are maintained equal to their initial values. AL
the downwind boundary, however, the dependent variables are continually
adjusted to equal their computed value in the adjacent upwind grid
column.
Wihtin each time step (UT), the U, V, ¥, PT, W and R fields are
chanyed by the simulated processes, ir accordance with the boundary
conditions, by an dmplicit integration scheme. The temperature (1)
field is then diagnosed from the potential temperature (PL) field.
The occurrence of any condensation or evaporation (I'C) is accounted
for by the local conditions and is calculated by the microphysics
equation subroutine RKF. From these final fields, the diagnostic
variables, turbulent exchange coefficient (KA and KM), total water
below a height (Z) in a column (INT), specific heat of saturated air
(CPT), radius of droplet (RAD) and visibility (VISLITY) are computed
and stored for use in taking the next time step.
Output is controlled by output time (OT) and ending time (LT),
which occurs when the total time elapsed (TIME) at the end of a set
of time steps equals the print time (PRT). Printout of the fields .
of wind velocity (U, V and Y), vertical eddy heat flux (HC), T, R,
liquid water content, turbulent exchanges coefficient, radiative flux,
radiative cooling rate, water vapor flux, radius of droplet and visibi-
lity, in that order, is provided. Integration then continues, with
output occurring at PRT equal to integer multiples of output time (O1),

until program termination at the ending time (ET).
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B.2, Control of Program

i Flexibility of the program to investipate various aspects of
advection foy formatlon and dissipation rests with the way the con-
figuration of the program can be changed through specification uf
input data and control indices. These quantities fall into the follow-
ing categories:
a, time parameters
b, grid spacing and configuration in the vertical and horizontal
¢, input parameters controlling which physical processes operate
and their magnitude, and the initial values of the dependent
variables
d. boundary conditions on temperature and water vapor at the
earth's surface boundary
e. options for printout
a. Time
The basic time varibale is the length of the time step DT, which
can be changed to insure computational stability, and control running
time on the computer. Additional time variables are 0T, for multiples
of which the program prints out and ET, which is the total meteorolo-
gical time the program is to run.
b. Grid Spacing
The vertical grid is composed of (KE) levels (up te a maxium of
50) with the space between adjacent levels expanding based on the
height of the first level (ZAL) above the earth's surface and an expan-
uwion factor (ZAK).

The horizontal grid is composed of (IE) columns (up to a maximum
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of 40). 1E can be specified as any number greater than two ard € 40,
except that printout i{s conveniently grouped in units of ten columns
per page. The horizontal grid is basically specified by (DELX) which

is the uniform spacing between columns in that portion of the grid
located between (IL) and (IR), the (I)-values of the left and right
boundaries of the region of uniform grid spacing. Outside these limits,
the grid spacing expands to the upwind and downwind grid limits with
the size of spacing controlled by the expansion factor (XAl) and DELX.
In the output, negative X's indicate columns located upwind of the uni-
formly spaced grid and positive values label the uniform portion and
columns in the downward expanding portion.

c. Initial Values

If ISED = 1 and IRAD = 1, sedimentation and radiational cooling,
respectively, are included in the model; if ISED and IRAD # 1, then
the processes are excluded.

PT, W and R can be initialized to be uniform everywhere having
values (PTI), (ZERO), and (RI), when the corresponding control indices
(IPT, IW and IRR) = o, If IPT = -], then the temperature profile is
isothermal with a value of (TP) and the corresponding initial PT is
computed from the hydrostatic relationship. 1f IPT, IRR, IW and 1U
all =1, the corresponding varibales are uniform in X, and T, R, W,

U and V are read from a card listing for K = 1, ..., KE; the prognostic
variables PT then be computed. If IU = O, then U and V is an adiabatic
profile at all columns, using friction velocity (UF) and roughness

length (Z0).
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of 40). 1k can be speeifivd as any namber preater than twe and < an,
except that printout is conveniently grouped in units of ten eolumns
per page. The horizontal grid is basically specificd by (WELX) which
is the uniform spacing between columns in that portion of the prid
located hetween (IL) and (IR), the (I)-~values of the left and ripgit
boundaries of the region of uniform grid spacing. uvutside these limits,
the grid spacing expands to the upwind and downwind prid limits with
the size of spacing controlled by the expansion factor (XAL) and DELX.
In the output, negative X's indicate columns located upwind of the uni-
formly spaced prid and positive values label the uniform portion and
columns in the downward expanding portion.

¢, Imitial Values

If ISED = 1 and IRAD = 1, sedimentation and radiational cooling,
respectively, are included in the model; if ISED and IRAD # 1, then
the processes are excluded.

PT, W and R can be initialized to be uniform everywhere having
values (PTI), (ZERO), and (RI), when the corresponding control indices
(IPT, IW and IRR) = o, If IPT = -1, then the temperature profile is
isothermal with a value of (TP) and the correspondiny initial PT is
computed from the hydrostatic relationship. If IPT, IRR, IW and 1U
all =1, the corresponding varibales are uniform in X, and T, R, W,

U and V are read from a card listing for K = 1, ..., KE; the prognostie
variables PT then be computed. TIf fU = 0, then U and V is an adiabatic
profile at all colummns, using friction velocity (UF) and roughness

length (Z0).
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d. Boundary Values

The boundary condition of potential temperature on the surface is
controlled by the index (IDTEM). TIf IDIEM = 0, then DIFM(I), the
surface temperature change beiny ionvestigated (nepative tor adveetion
fog formation, positive for fop dissipation) equal to zero. LE
IDTIM = 1, then DTEM(I) is uniformly equal to DIEMI between ITEML and
ITEMR, the left and riprt T- boundaries of this warmer or colder repion.
If IDIEM = -1, then DTEM(L) is read from a card list tor all I's caeept
I =1 and IE, In all these cases, DIEM(I) is intreoduced gradually to
avoid pulsing the intepration. The lenpth of time over which DIEM(T)
is introduced is equal to (TIM).

If (IRSFC) = 0, then a boundary condition of no vertical flux is
imposed on R at the surface. If (IRSFC) = 1, then the boundary
condition of R is set as saturation mixing ratio at surface temperature
and pressure equal to 1000 mb. If (IRSFC) = 2, then the boundary
condition of R at surface 4is kept the same as the initial.

Conditions at the upstream boundary remain unchanped throupghout
the integration, while conditions at the downstream boundary are set
equal to those at the adjacent column at the end of cach time step.

e. Qutput

OQutput from the program is controlled by the main program and
performed by a print subroutine (PRNT). Tor variables in storage, a
call of PRNT, with proper arguments, accomplishes the output. TFor
variables not in storage, the values are computed in the main progria
and stored in a dummy storage location called HC, and output occurs by

calling PRNT with HC as an argument.
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fhe print subroutine priont: woalita eolunns per P boer each
vutpnt quantity, along witho Jovumentary vertical and horizental Jdio-
tance information.,  Each ecolunn covers the entirve vertical entoent ol
the grid. Logie in the prosram provides for printing only I colunn, o1
data wien 18 15 Tess than 390 and an inteper multiple of 10, in abiition,
the Yivot pae fdentifies the vutput variable, outpur time, awd other
selected informat ion which fdentifics the simulat ion,
f. Units

Internally, the propram operates in eps unity, ezeept that DELA

is in meters and when Leat is an esplicit anit it is expressed in

ciulories,
g Computational Requirement:

The program has been written in Fortran and run on a Univae 1lod
dipital computer.  Approximately 20 K words of core storage were
required for execution of the program.  CPU time requirements for eses
b cution of the program depend upon the rvatio ET/DT, the total number
of grid points (IE) x (KE), and the amount of output specified. In
addition, wore computations per time step are required in fop than in

non [fop regions,

The primary limitaticn on the maximum time step (DT)Y that should

be employed is the computational stability criterion,

e ——

u- s
peLx Lo (b

| for the integration of the horizontal advection terms. 1t is advisable,
J however, to restrict DTe60 seconds, even when condition (1) can he
satisfied by a larger DT, in order to avoid serious truncation errors

and/or computational instabilities in the vertical integrations.
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k.3, Sample Set of Input Cards

Q.

nT

0T

ET

TIM

RF

KW

TP
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vime Variable Constants, Temperarure and Wind Input

0e75E42 0e90E+3 7020243 7e20E+3 2450E=1 «7iE41 29BTE+% Lo DODE=2= wQUE4y Sagfl o1

- !
DT or | El ™ l R W 1w IAY , et I ik
PoaSONCAg DO #0310 hn aandeee 335400 0N ISR LR 1 "
[ OIS SR B TRU U R I LU T R ] :,:':rlux‘.‘l (nlt'f?ﬁ!u’?sz?\itx‘ ‘.Hp“.;:lc)\ci !,40‘ ‘??~;F5‘?“."\'3‘""‘l'ii'"‘g“’
(AR R R R R R R R R R RR RN N RN ENR NN B! 1o teett llllllr\:iilll’llllltl
nmnuy M 1211)22 IR R R R R R A R F A S R N N A R R R R R R RN R

11 3330003 3333 30 3330 03 333 0 93NNV ODBIGIE NANNNLY 3NN 13 131
N R N R YRR R R RN RN RN R RN R RN RN RRCR RN RNRRCRNINIE
5§85 SHIG5TY BOUSRNS 9599595 95859 5555555 5558955 i5ia555 THEGL65 s6r 665 s
U R R A A A I N I A I I I A T A T S T R A R A R N T N R AR
LR R R R R R R R R R AN R R R R R R R NN R R R R R N RN RN R R R R R R RSN R R ]
U BR800t BP0aCHE SORBNB0 UUUBO0Y SO 00000 UURBEGy  FEEPL VELSULL QEBRUEY SEyed
:!3»:%:!?{ 1!!!9!9!!!59!!!!!!!!9!!9!!!!!3!&91939995935a3:33333333!9’1!’995!’!ﬁi

SAMINNBIAINNRINBREDUURH DA DS A3 T80 0 ORI el 0,205 woeap TaRLR T aan
Tran3th

-

-

time step (seconds)

time interval at which output occurs (seconds)

length of simulation (scconds)

time interval from t = 0 at which the colder or warmer surface
temperature reaches its desired value (seconds)

fraction of surface black body radiation used as net upward
infrared flux through upper boundary

a constant multiplied times liquid water content raised to the

two~thirds power

temperature in degrees Kelvin used to initialize the temperature

profile to isothermal

roughness length (cm)

DTEMI change from surface potential temperature in column 1 needed

to obtain a uniform surface temperature among the other columns

when a uniform discontinuity in surface temperature is desired

71

T

o -




U¥

friction velocity which ciiters into the quasi-adiabatic
velocity profiles when they are used to initialize the velocity

field (em/sec)
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il
b. Control Index Card
T T S O (S S SR S SR S ST S S :
IPT | IRR| IW/([ [SED{IRAD} IRSFC] IUCJIOTEM| 1P| |1 KT | KR NK 1z }IMOU
C0eTatioeonninoosinzosodnenaicaaanciosceicanotiloanoneciochiosetoeschicoasfacoongrosces
[N NI RN EAFRURE PRI RN I B PR B LN RS F T RN NN | RTINS TR oA THa b ey [ELN R SR NI B I ]
pree e e e feee oo oeee ey aeee ety ki ||nx|1u| 1111y j
nznanfiaaafrany nzzuz:2zznzznzzuzzu:zuzznz%nzzuzzzzznzznzzn: |
13139309 3303000039203530333393333333300333333300233300039233333333953233393331233313 ‘
G A L A i |
FS S 555555855555555 5588555655565 855555555555555545%% §555555555555¢8¢
S B GG R E GG B b S G e bR GNOUGEEE5GG666666666G6666G0CCEF56b65G6CE6665666866G6666¢
R R R R R R RN RN R R R R R R R R R R RN R R R R R R R R R R R RN R RN R R R R R R RRRRRRRRRE
slnalt|a|u:n:aaaasna|llnaullcannsaea:salnanlnzll|3i1a:a||«sncsaaaacunszlnllasa:a
199800800008 90809005888288870988773920899504993019990540928358885300 4982499393
IR RN ENR] lllllﬂl'$|l4ll*’.’l:l"ll"hl”’l”' A Yo ,i""llllllll'.ﬂlll) SR I N R T AU N B N IV SR A I 3 1)
Snals 3691
w7 1000, . 286
IPT = -1 PT(I,K) lpé—f——) , isothermal
= (0 PT(I,K) = PTI, adiabatic
=1 PT(I,K) = input data, based on field observation 1
IRR =0 R(I,K) =RI
=1 R(I,K) = input data, based on field observation
1
Iw = 0 W(L,K) = 0
=1 W(IL,K) = input data, based on field observation
ISED =1 with sedimentation
# 1  without sedimentation
IRAD = 1 with radiational cooling
# 1  without radiational cooling
IRSFC = 0 R(I,1) = R(I,2)
=] R(I,1) = saturation mixing ratio at suriace, tempcrature
¥ ! and 1000 mb
' IU = 0 Quasi-adiabatic U and V profiles
! =] U and Vv = input data, based oa field observation
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IDTEM

HR

COOL

1P

IT

KT

KR

I7Z

NK

IMOD

.}

0

]

0.0

i

0 DIEM(T)

DTEMI between ITEML and ITEMR, and cquals zero

n

1 DTEM(T)

elsewhere

I

-1 DTEM(I) input data, desired ground temperature distribu-

tion

net radiative {lux, cal-—cmnz—min-l (positive upward)

rate of radiative cooling, 0c—hr—l

0 no HR and COOL output provided

0 HR and COOL outputc provided

1 turbulent exchange coefficient does not depend on local
condition

2 turbulent exchange coefficient depends on local conditions

1 two-dimensional simulation is initialized from list
generated by one-dimensional simulation

1 wvertical grid level to whick first potential temperature
in list is to be assigned

perform the same function for mixing ratio and liquid water

content that KT does for the potential temperature

specifies the number of the celumn for which wind, potential

temperature, mixing ratio and liquid water will be punched out

vertical grid level to which hygroscopic material is to be

spL W1

0 ., odificaticn by heating

1 modification by spraying hygroscopic material
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C.

Grid Specification Card
Ve00NE+]  0¢200E+40 Je00ICO 1O 0 1000

(241 0t o0 900 ooee BUOu 0!001"”" 19 pooueceoocunncy
Alannasraynanaianacdeenagdieact oo o aydevennanoe g o go oy
PEE PR et et v e oo o vrnttnrreeinggitn
matanin MmN 822222202202
33D D3XA3IDL NIIIINNGY NINNINIINNNNID 3INNINININNINIILINIINNNINNINNG 333333331332
FEALI00 0000038000000 08 8040080044300 0044 0084080800 8d 8 s sniiinsesn it e
R R R R A R R A F R R I R R R R R R R R N R R R R R R R R AR R R R R R R R E RN R R R R R R R R R RN R R R R R R R A R R AR R T
iR i ettt E0e00C000660 0006088086068 0B8C06066066066806C0606C0CC6CCC6ECFCCEERE60E
IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RN R R R R R R R R R R R R R R R

SO0 ORI BLRY SHBUBBBEL BORRRQUOPIOUaEBateaoesese Boonueouoeteaas soBcaseresscs

1 TEM
ZAl, ZAK XAL 1E 1L ITEMR | DELX

-

ZAL

ZAK

XAL

IL

IR

ITEML

ITEMR

DELX

3859949
triae

i}

1909999708996 988099398999699599953990789349999289927699195939
A N R R N T T ] uw;nnnuunuuuuunruuu Annuyun.xlvuu
Crnais ICH

S! !! $¢
TN N

height of lowest vertical grid point in the atmosphere (cm)
expansion factor in the vertical

expansion factor in the horizontal

number of horizontal columns

number of vertical levels

leftmost grid point of unexpanded grid

rightmost grid point of unexpanded grid

left I-limit on non-zero, uniform DTEM(I)

right I-limit on non-zero, uniform DTEM(I)

uniform X-spacing (meters)

T A S T WS, T T N T R e T e

UV oA S

ol
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d. Output Formats

(IH 1pLae2y Lok}2.5) [ X3 1]

§LeC00 pConpdoe 00 COF 50096 pleLeusseptond BSGCCLCOGCGGGGCCGOCCOCODC’IGCu” Pl
R R RN N LR R R IR T S N RPN HE (TN S PR BT PRRFER IR I A B YN TRAR Y ORI RN Way et E Vel a.n.lll" 1' s
RERRR AR AR AR AR R R R R R R R R R R RN NN R R R R R R R R R R R RN AN R R R RS R R R R RS RN R R R

2222022200020 212302 1222210102020
TIIISIINNIIII Y FINNGY XIIIIININNNINNINNNNNGILANINNNNINNINALCIINNINNLLININGY 1Yl
QLI L0ttt iiatd 44443008 diadadddddatdqaitqaaaitadettiaatts 1oy
LSS5 55585 SH55855 555 G658, 555 5558855800885 5088550058885 5890800008008 88
CE GO EEEEEECE0sr "OhCCEoBLERBEBCHRERCCCECRE ) BERCREEEETCEPOEOCCOPUEEERUERE §0C00
R R AR R R AR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RRRRRNREDRERERRERES
FEORLS U BNRL 0 BANRAL B GBADBABABCOCSNERBRBESAREGRRLBGGHIBNANBENGEOCENLEYL 21
$939848488¢3 0!’39553“9!!!!9!33!955!9$!9995\S!§S$!S!!S9SG!5!9”9!2“99°!3°0 Q GreN

IR RN R R RO B R R R O S MR N R )Hluuhﬂullun'Hll:;’Hll-luuus A e e e [N
(1K lprCas2y oplpFl24a) Fuyy
0osoce oebo0oC " 9 0D 3GCOCDvﬂ000000OOCODUCDBOOSGGDOCOOCGGCS tocd DGCC““CC~U iad
[N NN N R RTRICNY R R R R IR R R R L O L e B O R T R R L K P N ST RN TR R AR (R SR R 1N | AT i ot
|||”l|”||l|ll||ll Hl”llll”!llIllIIIlIIlHlHIIlIlIHIHIIIHIHIH‘IHI

T22222222202020 22220200 1 2000030000000 0000 000000020200 002200020200222222122222
FIBIINININITAT T IIANIINY BIAIINNNNNINININNINIIIIINI23333335293339953033333 51y
TEUTTE 030000044040 00 000 040000004008 0008000000880 00001000 ietagdts (adi
SIS0 555555830588 505055 55585565585 S8 EE 0050 EEEL8CnEgET g,
EGEEFCERObOG0POB5ECB86 SG66666666E6H 666660860660 6CC6CH6C6C6666C60G66C66%6¢ C55666
IR R R R R R R AR R R R R R R R R R R R R R A R R R R R R R R R R R RN R R R R RN RN RN RER N
SROB08 8 1860 0 COBBOROD 0 BCUBABOG AN B ARG B BR8N B OB 00 EIGBENC0CY08cERtEE
849085899 !9 99 99969999859990999959998399999959959G559¢ 9!! ] $96°8
REEKREREE ui 0 YN wiw.

n l| (II vl ll“llllll"llll J"l”ll)ﬂﬂ}hlllﬂl-‘ﬂuulllfllll:l:":.‘.l;d.«‘.uafll R
— e [ LU

o

$69%5385¢¢:
‘ *

v
. o3 + AT

The printed output for the various quantities is in convenient
standard units as shown in the format heading statements 3000-3800 in

the program listing in Appeundix C.

FMTH = Format for hieght and variable informations, including wind
velocity, R, liquid water content, RAD and visibility.
FMTIT = Yormat for height and temperature information.
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Microphysics Parameters Contrul Card

looo 3o Vo220 13249 300 1370 1B, 0100CE~3 74085 7eC 58eu%

NH VHF | POEN HMW VHFA |PDENA| HMWA | RAN] HOEN VHFM | HMaM

" NOROOS (w0000 D0NGRD SIOOGIC oo 0u. nu02B0[200 abrinocseds:jaosoe “‘0003'0639'
I’llil'lllll‘v!llull VEADDD PN AR LB A LR O Cl M Y b g MM s ) RN ]
Toreyinnnnngpr sivney ovveaprretnafe vevsfor vl veranadinn I|I!IYII|IIIII [ERERE
g errr aharaerarafinnaseananraafen 2222222 it
LEEREIREE IR IR PR ERI RN EEEE JJJJ IAINIIY 12 3333 (33 33003 3033 11N

GUETE 04000 04 0000 L3t i agds agaty
S B I eI IS 5559555 5559555 585 55,08
EECECEEBETT OO REOOEEOERUEECOROERCOEOREE 666 GOCEOOEEECEE6HE BECOEEECoEEO8 CEEEEE
LR R R R R R R R R R R N R R R R R R A R R R R RN RR R RN AR RN R R R R R R RRRE R
SEORBUBOEL TOEE SOODBNOD EURREY SORL DDIOUREE S0 BOBLEOEE CENLNELD dEbs  VEgdLMd

s e s aanaannaseastaasssesssstagsnetize)
8
NH = number density of hygroscopic material for modification
g VHF = Van't Hoff factor
. PDEN = density of pollutant
& HMW = molecular weight of pollutant
g VHFA = Van't Hoff factor of the other pollutant A
} PDENA = density of the other pollutant A
% HMWA = wolecular weight of the other pollutant A
“ RAHI = initial radius size of hygroscopic material
% HDE% = density of hygroscopic material
VHFM = Van't Hoff factor of hygroscopic material for modification
HMWM = molecular weight of hygroscopic material for modification
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Aerosol Particle Control Cards

8i00 &L0¢ 170t

NDIS{1) | NDIS(2) H015(3)

1N qingeg 100500 CHE  GORONDERISOCOROrOCCCORLIlbo0RCRInO0RLa0CcouNDy. 000
LB IR TN A B TR (A P L B I O T P e e I R T R AN TR TR TR N T 5 IV LA S BRSBTS TR N T (o e e e R R L
[RRRR R R R R R R R R R R R RN R R R R R N R AN R R R R R A N RSN R N R D

NN YL AN AALDAND220222222 2222222222220 2222202310210 22220 4000
333NN IR IINLIINNNNIININIINNIINNNNINNNNNNNIGNINIING
AEA4EAT I aad FHUE3 3038400040040 d8048 0040040303848 0448 0086000080081 08014
R R R R R R R R R R R R R R R R R R R R R R R S R R R R R R R R R R R R R R R A R R R R R R R R R R R R R A R R R R A AR
Gi!iit‘iiﬁifiii5i‘ii“liﬁiiGiGGGﬁiSGiSiSGGiGiﬁSi‘iBSEISSGEliCiSiﬁGSiGiiSGSGGEE‘S
(AR R R R R R R R R R R e R RN R R DR R R R R R R R R R R R R R R R R R R R RN
RN R N R R N R R R R R R R N N N A R R A R R R A R A AR R A R RN R R R RR R R RR AR RN R
§9930893009849855899958900280089049882328500C2048385958859°089059899999¢49
11048 RRENIRY w TR

ll [ERHTRIRINURTRI NI AR RUN R LR (] lIuHH S.H’lll'llxlltnl!‘.l NHHRB U A bbbl it
Woale 300

85828999,59¢
[

AELELERE S N )

Qe7LE~S  [eLOC5  Je2%E=S

ROIS(1) | RDIS(2) RO1S{3)
CC BOBOOOIONTN  GADLICN00O00C00N0P00000C0NNDIR0ORG00LECE0RE0000C000RENEENELLSY
IERERERE N ‘;‘|u!|‘lwl!l:l‘i"!&u\;Hru:!l!l LT R e N E LR R A INTRURT R IR MRS B LY LY NS SPTR P TR AR T LI § 1M vy
R RN N AN AR R R R N R R R R R R R AR R R R R R AR R R R R R R R R RN RN

T220220002222220 2020242020 10020 2000220022222200200002202022022200222128002200%0122
TVI3 33903933 332333037 233233 35333333053333333333303333303332338333333232332518
AL E 4844440000880 040440100000 004 000000ttt ieiiantzint i
$95355 5 5555588 5 §55555 5 55555559555 555905 5555555650 555555555555555558558555
EE OGN eI oG LEGREECbbE66666A0E66666656F6666666666565C056666606666666666665u¢
R N R R R R R R R R R R R RN R R R R R R R E R R R R R R R R R R R R R R AR AR R R R R R RRERRE!
BIOR S03000080 PeREORBOLY GEBBOEORRRRCCRNBOBEBEOt YRR L O BUEPBBOEBOBR00RIsR 2 03
?33322 ?z Sﬂ!ﬁ““J&!!!?DE 9§¢ a §959986496093 ?"537"3952GJSZ;3??559“953!‘5!9?9353“

NHBABH R DRI tn Mt g lluu\unnv-,nvn . TR THHRHE N T e
Bnnre ST 01

leop 12%0 60t 2
NDISA{1) NDISA(2){ NDISA(3} NSP

80 Cje000CO-0 DD0DOOOD NDOCIOOLOOT00000ULCI000020000245R0050000002GC002070
LU RS R AT R N TR H L RURRIE LR R B TR UR R ] T e B N i E T L e L T L L L R R T L R TR SN T N R T R S R BN T
(AR IR N IR R (R R R R N R R R A AN R R N R R RN RN RN N R RN
222222272200202227 2242222200222 020100 22000 22220222202220222222222222222202221112

1333333333333 33333331033333033333)3333333033333333333323333335393333393333331333

lt‘ll(‘ll4(J441d44‘44!(444444¢44444JJI‘JJ4444444(444(44444(444‘40illlllll(l((ll4
S5 S iy Tt YNBSS 5 555585€58858 5858
CECHEEREEoCBE6R00OOE006S600 BOBb6666 . CEGCHEERTEEUb00666L65C506C666666C6666E65G656
IR R R R R R R R R R R A R R R R R R R R R R R R N R R R R ER R R R R R R R R R R R R R R R ]
IREE R R l!ll!ilaaBIBIlli!IEI63300&6686‘!88&5BESJSSBBI!!lB!EGBBIEIBEIBlABUEBBBBEH

$4999989834854% 599999993999 80n 0808900805 998805495¢99999990290895559%0589959544
1314 | Tt ||uunu| n R I R R R R I T L L i T L I T T L T P B O T R B L P T TR T TR T R R AR YRV ST B
Sarne $O8
CYARY
ORL s b
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De7LE~L  felBE=S, 1e28E-5

i“ RDISA(1) ROISA(2) [RDISA(3)

H €08 BOLRBENIN0D 400000000 CG000000CT0NNYRIDNDYRLEoOR0O000 0000060200082 5"
IR I AR R L R MR R R R R R R BTN U B TR AR U N T TR TN RS E ) AHEVMRERLEEdD * T 0y s
(RN R R RN R N RN N R RN RN R R RN RN NN N RN RN RN RN RN RN RN RN ERY]

IVV2222ANAWAX222MIDD 222222222220 022220202220 0020020022002 0001022802000 02
JII3 XDDB33Y NADANNY BNNINIINNNNINNNNNINNININININNNNNINNNNNNNNININNNNNNINNYY
AEd4 4004080344000 0048034 4448403480000 0434040080000 00008008 tdiitgtti et egaitag
y R R R RN A R R R R R R O A R R R R N R R R R R R R R R R R R R R R R R R R RN R R R R R R R RS R R I AR R R R A SRR Y
A R R A A I I A I I O I I I T M A O T I N NI A R T T Y
IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RN R R R RN R E R RN
BOL BRLBRRE00 SRR ONR) ABaanauysB DR VR seBlletatuunbOstotatitsytsget

t
¢ 9695989907099 3309989993539933300448
R R R R R P T T

S9N908085098999009 393028898 9999959,99396551397:
||ununuul.'|:'|;‘l“u;.uu A U NI ERRBRESW Y s Ya .

- NDIS(J) = number density distribution of pollutant

RDIS(J) = radius size distribution of pollutant

NDTSA(J) = number demsity distribution of pollutant A
i NSP = number of species
RDISA(J) = radius size distribution of pollutant A

e
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= initial value of water vapor miving ratio, if set IRR = 0
= initial value of potential temperature , if set IPT = (

start time of modification

4

M

source temperature, if set IMOD = 0
= initial vertical wind velocity
= time step factor

= output time facior
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Horizontal Wind Velocity (X-Direction)
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Temperature
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5. Liquid Water Mixing Ratio
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Bode  List of Compater Variable

The following list of variables is not arrvanyed in alphabetical

order, but rather vardables of a common type of variables which are

concerned with a given program operation are listed tesether.

ad. Gl‘id

1.
K
KE
KN
ZA(R)
DZA(K)
ZAL
ZAK

2.
I =
IE =
IN =
(1) =
DX(I) =
DELX =
IL =
IR =
XAL =

Specification

Vertieal trid

= oindex for vertical grid

= number of vertical levels

= KE = 1

= yertical coordinate at level K

= grid gpacing between level K and K - |
= heipht of lowest vertical grid point in the atmosphere
= expansion factor in the vertical
Horizontal Grid

index for horizontel grid

number of horizontal columns

IE - 1

Horizontal coordingte at column [

grid spacing between columns I and I -1
uniform X-spacing

Lleftmost grid point of unexpanded grid
rightmost grid point of unexpanded grid

expansion factor in the horizontal

b. Variables

1.

PT(I,K)

Prognostic

= potential temperature




RW = gas constant for water vapor
SIGMA = Stefan-Boltzmann constant
2. Variable
KW = mean mass absorption coefficient of fog for infrared radiation

2 1)

RF = fraction of surface black body radiation used as net upward

(cm g~

infrared flux through upper boundary

UF = friction velocity used for computing KA

1l

Z0 = roughness length

CV = sedimentation constant
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.5 Samples of Output
1. Temerature
2. Relative Humidity
3. Visibility
Three samples of each paramerer are illustrated in che next throee

pages.
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FORTRAN LISTING OF COMPUTER PROGRAM
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CPT(1,1)3¢rTC1, )

'\A(1,1)=k»\(1':)
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FRT-0T
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WRITECL s 200 l)
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