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LIST OF PRINCIPAL SYMBOLS

. cC condensation coefficient
CN condensation rate
Cc specific heat of air at constant pressure

DE diffusivity of water vapour

EL£hd R Sr e o

eg saturation vapour pressure
3 Fy net radiative flux
;. G graviational sedimentation flux
? H flux of sensible heat
K turbulent exchange coefficient
k thermal conductivity of air Accession For
LH latent heat of vaporization ggg Tfsii&f"
: M  molecular weight of water zﬁxﬁ??ﬁ?ﬁtn ]
: My mass of nucleii
: MR mixing ratio
‘ Mes saturation mixine ratio

N concentration of droplets

fa density of air

FL density of water
Q, absorption efficiency of droplets

r radius of droplet

) R universal gas constant
RN function of radiative exchange in droplet
growth

S supersaturation

T dry bulb temperature
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o~ surface tension of water vapour
® potential temperature
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INTRODUCTION

Very few studies have been performed concerning the form-
ation of radiation fog through the evolution of the micrometeor-
ological characteristics of the boundary layer and the subsequent
interaction between fog microphysics and its continuing develop-
ment. Early studies were qualitative in nature, and later
studies have tended to concentrate only on specific aspects of
fog evolution.

A number of the basic mechanisms involved in fog formation
were described by Taylor (1917) from routine observations. It
was concluded from this study that fogs occurred on occasions of
light winds and clear skies, with a pre-existing high relative
humidity. It was also suggested that a balance existed between
the rate at which air cooled due to the influence of the ground,
and the drying of the air by eddy diffusion to ground. If the
latter proceeded at a greater rate than the former then fog was
unlikely to form,

From observations at Cardington, Stewart (1955, 1957) found
that fog formation involved the cooling of the ground by 1long
wave radiation and the subsequent cooling of the air by heat loss
through eddy and radiative flux divergence, with radiative
cooling as important as turbulent cooling. Stewart also found
that, prior to fog formation, the cooling rate increased, which
was attributed to radiative heat loss from swelling haze drop-
lets.

Although early studies indicated that radiative exchanges in

the lower atmosphere were an essential feature of fog develop-
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ment,

series of field experiments,

1

0.5 - 1.0m s = Funk (1960,

gence in the lowest 10m of the atmosphere produced cooling

1

of around 3k h " before fog onset,

cooling rates (in the region of 30k

periods. The cooling rates derived
compared with measured cooling rates,
thereby implying a convergence of the
concluded from this observation that,

winds, nocturnal cooling was caused by

few detailed studies have been made.

with wind speeds in the region

although greatly

In a comprehensive

of

1962) found the radiative flux diver-

rates
increased
h™l) existed for short
from flux divergence were
often

which were lower,

sensible heat flux. Funk
during occasions of 1light

radiative exchange and not

AR by sensible heat 1loss to the colder Radiative flux

ground.
divergence was also found to increase just before fog formation,
which was again attributed to the influence of swelling haze

y nuclei. However, Zdunkowski, Henderson and Hales (1966) contes-

ted this proposition utilizing a numerical model which suggested
that, even with greatly increased haze concentration, }adiative
. flux divergence would be little affected. Funk also observed
that fog could either form in direct contact with the ground, or

just above the ground if flux divergence maximised in this

i region, in which case a layer structure to the fog would then
ensue.
» f The study by Roach et al (1976), to date the most comprehen-

sive reported in the literature, presented the detailed evolution

i of fog in terms of the micrometeorology. The major findings
were:
1. Fog development was closely related to periods of strong

cooling associated with small values of wind velocity and,
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consequently, turbulence. The major cooling was attributed to
radiative exchange, which was offset by convergence of the sen-~
sible heat flux when wind velocities were above 1-2m s 1.

2. As the fog continued to develop and grow in height, the sur-
face based inversion was replaced by an adiabatic or super-
adiabatic lapse. This temperature profile transformation
resulted from the increased optical path length reducing the net
radiative loss at the ground below the value of the upward soil
heat flux. From this stage it was suggested that the fog top
would assume, radiatively, the role previously taken by the
ground.

3. Although turbulence probes were used, only estimates of the
exchange coefficient were made, which yielded values of between

5 x 10 3m2s™! to 1 m?s”l. There were also indications that
gravity waves existed in the stable boundary layer.

4. The measured value of liquid water content was found to be
considerably smaller than that estimated from cooling rates and
resultant condensation. The difference was attributed to the
effects of gravitational sedimentation and eddy diffusion to
ground. As turbulence on many occasions was limited, gravita-
tional sedimentation was likely to have been the dominant agent.’
5. Measurements of the microphysical properties revealed that
droplet radii reached a maximum of around 12pm, with a secondary
peak in the distribution between 5-10pym. This was found to
correspond to the concentration of cloud condensation nuclei at
0.8% supersaturation.

Although Roach et al presented some information concerning




the fog microphysics in relation to the micrometéorology, other
] microphysical studies have basically failed to undertake detailed
measurements of the evolving nocturnal boundary layer, conse-
quently making interpretation of the results in terms of complete

fog evolution difficult.

Fairly extensive microphysical measurements were made by
Pilie et al (1975) at Elmira, New York State. Cloud condensation
nuclei measurements indicated concentrations in the region of
lO()Ocm’3 at 0.3% supersaturation, with concentrations of haze
nuclei declining as the fog developed. For the droplet spectrum
at the ground the maximum radius extended to 24Pm, with total
droplet concentration around 100-200cm'3. Measurements in the

vertical indicated that the droplet spectra narrowed with height.

Comparisons of shallow and deep fogs were made in which the
. maximum supersaturation was greater in the shallow fog but drop-
let spectra were narrower which was attributed to gravitational
sedimentation. Although micrometeorological measurements were
! made, comparisons with other radiation fogs are difficult to make

as mesoscale dynamics induced by the valley were likely to play a

significant role.

Low (1975) also established the existence of large drops of
around 20pm radids in a radiation fog, with a calculated maximum
supersaturation of 0.05% and a liquid water content of 0.2g m”3.
The existence of large dréps in radiation fogs is contested by
Roach et al (1976) who report maximum drop radii in the region of
IOPm, a view supported by recent studies at Meppen, West Germany,
in which maximum drop radii of around 10 to 12ym were measured at

the 2m level. However, earlier studies at Meppen by Choularton
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et al (198l1) found drops in excess of 20um radius which were

associated with periodic high values of mean radius and 1liquid
water content. These periodic fluctuations with their associated
large drops, were attributed to convective motions arising in the
fog due to strong radiative cooling at the fog top. Although
such cooling could lead to enhanced drop growth, it was con-
sidered inadequate to explain the existence of the largest drops
observed. It was argued that such growth could be a consequence
of either fluctuations in supersaturation produced by mixing at
the fog top or by the vertical circulation and hence
statistically-favoured growth of some drops. Littl2 information
is available relating to the form of the droplet spectra with
increasing height. 1In contrast to Pilie et al (1975). Pinnick et
al (1978) at Grafenwohr found the concentration of drops in the
size range between 4 and 16pm increase with altitude (Figure 1).
Consequently the 1liquid water content (and extinction coeffi-
cient) also increased with height, with values at 160m of between
0.2 and 0.8 g m~3. These findings are in accord with the theory
of strong radiative cooling at the fog top. "Brown (1980) however
disagrees, finding maximum droplet radius and extinction coeffi-
cient decreasing with height. However, Brown emphasised that his
findings related to fogs which may have been influenced strongly
by mixing at the fog top. It was found that the creation of a
superadiabatic lapse led to convective motions and, subsequently,
to a region of maximum wind shear at the fog top. This wind
shear may have induced mixing across the interface with conse-

guent evaporation of drops near the upper boundary.

-------
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The more recent studies at Meppen lend support to this
hypothesis (in contrast to the earlier findings of Choularton et
al) by indicating that fluctuations in drop concentration, mean
radius and liquid water content were associated with lower values
of these guantities. However, lack of data prevents the origin
of these effects being unequivocally linked to mixing at the fog

top.
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NUMERICAL MODELS OF RADIATION FOG

A number of attempts have been made to model accurately the
evolution of fog with varying degrees of success. These previous
models are reviewed in order to highlight the physical processes
which must be simulated in a comprehensive fog model. The
results of these earlier models will be discussed in relation to
the development of the fog model which is the Qubject of this
report.

Zdunkowski and collaborators have been responsible for
several investigations of the evolution of the boundary layer
prior to fog formation and to the fog formation process itself.
As previously mentioned, Zdunkowski, Henderson and Hales (1966)
investigated the effect of haze on radiative cooling rates in the
lower atmosphere and concluded that haze had little influence on
cooling rates, directly contrasting Funks (1960, 1962) hypothesis
that haze accounted for the anomalous flux divergence. Their
model predicted that maximum radiative cooling, in the region of

6k h-l, existed at a height of 20cm, with radiative heating

Pt Sl el

exiéting above to a height of 130cm, They also included a temp-
SO erature discontinuity of -3°K at the ground which produced radia-
tive cooling rates of around 20h-1 through the 1lower boundary
layer. A fog model was developed from this work (Zdunkowski and
Nielsen 1969), but many aspects of fog evolution were simplified.
The turbulent exchange coefficient was a function only of height
% and did not evolve with time. The only radiative agents were

water vapour and water droplets and gravitational sedimentation

was not included. Explicit microphysics were not included in the

B R G ST A I e T A A
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model - the droplet distribution being derived from the value of

the liquid water content. Although the model simulated basic fog

formation, the fog grew too rapidly compared with observation,
reaching heights in excess of 100m one hour after initiation.

;\“ An improved model was reported by 2dunkowski and Barr (1972)
| which included a more comprehensive treatment of the exchange
coefficient taking account of the thermal stability effects (al-
beit in a fairly crude manner) and also the nature and magnitude
of the wind components. The effect of linking the exchange coef-
ficient with the evolving temperature regime increased the time
taken for fog formation compared with the earlier model. 1In many
cases shallow ground fog formed approximately 4 hours after sun-
set and reached 100 metres 7 hours after initiation and gave
reasonable liquid water content values (of the order of 0.3g m-3)
Furthermore, the model predicted the evolving exchange coeffi-
cient in a realistic manner, giving a decrease in the magnitude
of the exchange coefficient and in the height of the maximum
value as the boundary layer evolved towards fog formation, with

the reverse of this sequence after fog formation.

ot e,

Lala, Mandel and Juisto (1975) evaluated the variables in

!

numerical models of radiation fog, finding that dew formation and
the height of the maximum value of the exchange coefficient were
the main factors influencing whether or not fog would form. The
ensuing model, however, did not account for the radiative influ-

ence of the droplets or their gravitational sedimentation, there-

..l"’,

fore limiting its usefulness.
The fog model presented by Brown and Roach (1976) was

partially based on the previous models of 2dunkowski and co-

L)
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workers. Although, as in previous models, the explicit calcu-
lation of the microphysics was not included, provision was made
for gravitational sedimentation. The model was also re-
calculated with a number of different profiles of the exchange
coefficient, some of which were related to thermal stability.
Fog formation at the ground occurred between 45 and 75 minutes
after initiation, depending on the value of the exchange coeffi-
cient. It was found that greater degrees of turbulence enhanced
the diffusion of water vapour to the ground and these hindered
the formation of fog. The time taken for fog formation was
considerably shorter than that found by Zdunkowski and Barr,
probably due largely to a higher initial value of the relative
humidity. In the evolution of the boundary layer prior to fog
formation, the authors stressed the importance of the radiative
cooling of the air to the colder ground. The inclusion of gravi-

tational sedimenation was also investigated and was found to

produce a lowering of the liquid water content from over 1g kg-1

to around 0.3g kg'l. This lowering of liquid water content led,
in turn, to a reduced cooling rate by the droplets thereby resul-
ting in a further decrease in condensation and droplet growth.
The UMIST fog model was based upon that of Brown and Roach,
extended to include the exact formulation of the microphysics
following Brown (1980). The growth equation employed in the
model included a term to account for the effect of net radiative
loss on droplet growth which leads to a lowering of the critical

supersaturation of soluble nuclei. The model accounted for the

main features of fog evolution, predicting maximum droplet radius

10
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of around 1l2pm, ansslhe formation of a superadiabatic lapse below
fog top. However, the model was based on a constant exchange

coefficient profile with time, and consequently did not take

account of thermal development.

Radiation Fog Model

The model, at present, makes use of the following equations
to describe the changes in temperature, supersaturation, and
liquid water content. An equation to explicitly calculate
droplet growth is also included.
Droplet growth.

f = (o) | - %0 2y

DR,.Q_(r)
N"a (1)

where
L L
kT RGT

AA = fLRG'r
DfMes(T)
29T M
B = FLRGT

C = 6.9246 x 10 °m3kg~!

1 LM
D = T'f(—“—- - )
RGT
{['zzu D¢/CC
E =1 RGT
r

R, =1 (Ff + F{)S

2 BC
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The first term on the right of equation (1) expresses the

effect of the diffusion of water vapour and heat on droplet
growth, The expression for the diffusion of vapour includes the
condensation coefficient which has a marked influence on droplet
growth. The term B in the equation takes into account the effect
of curvature and expresses the increase in saturation ratio over
a droplet compared to a plane surface. The term C is the sol-
ution effect and takes into account the reduction in vapour
pressure due to the presence of the salt. The influence of both
the curvature and solution terms diminish as the radius of the
droplet increases. The final term on the right of equation (1)
takes into account the effect of radiative exchange on droplet
growth, as discussed by Roach (1976, 1978) and Barkstrom (1978).
Generally, as the droplets grow so their influence becomes more
marked on radiative transfer in the lower boundary layer, until
the cooling rate is dominated by their influence. The principal
heat sink is then transferred to the droplets, which become
cooler than their environment and consequently depress the sat-
uration vapour pressure over the droplets, An enhanced growth
rate is then induced which allows droplets’formed on large nuclei
to grow in slightly undersaturated air by lowetin§ their critical
supersaturation and increasing their equilibrium radii. The
relationship between critical supersaturation and radiative 1loss
for several nucleus masses is illustrated in Table 1. Clearly,
an increase in radiative loss feeds back to droplet concentration
by reducing the peak supersaturation and, hence, the number of

droplets activated in the fog.

12
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o TABLE_1

i Mass Dry Critical Critical Critical Critical

4 (g) radius supersat. supersat. supersat. supersat.
et Chat Chat Y

: 8 x1072% 0.1  6.8x107? 6.7x10"2 6.6 x10"2 6.6 x 1072

' 1.1x10°13 0.25 1.8 x 1072 1.0x1207%2 1.1x1073 s.8x 1073

1.0x1012 0.53 5.8 x 1073 -2.4 x 107? -4.4 x 1072 6.3 x 1072
Y 4.1x10712 0.83 3.0 x 1073 -5.6 x 1072 -9.5 x 1072 -1.3 x 107}
3 Haze droplets and equilibrium radius
t From the usual form of the cloud condensation spectra:

Q3 N = CoeyS

where N = concentration of nuclei
; CCCN = concentration of nuclei activated at 1% supersaturation
. § = supersaturation
. k = slope of best-fit line
f a nuclei distribution of the form
3 : I KCoeyRg 1n10R™*
§ may be derived where R = critical radius of the droplet
E Rs = a temperature dependent parameter derived from the
f relationship between critical radius (J“iegg/a) and
f critical supersaturation (1—183/27C) where B and C have
? been given and ,g is the mass of the salt nuclei.

The concentration and appropriate dry radius, nucleus mass,
€ critical radius and critical supersaturation of a number of
z different classes of the cloud condensation nuclei distribution
- may be derived from this equation.

j When the relative humidity of a layer exceeds 95%, the
N 13
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\ equilibrium radii of the haze droplets are derived from a cubic

S solution of equation (1) at the appropriate relative humidity and
net radiation. These equilibrium radii provide upper limits to
the growth of the droplets in any time step, unless a drop has
been activated in which case it may exceed its critical radius.
Between 95% and 99% relative humidity droplets responds almost
instantaneously to any change in humidity and, therefore, the
5_'. equilibrium radius is taken as the droplet size until the rela-
| tive humidity exceeds 99%, when the growth equation is fully

employed. The upper limit of growth continues to be set at the

S, 8.5

equilibrium radius as, for small drops, dr/dt becomes large for
the time steps employed in the model and consequently can produce

, numerical instability. Reducing the time step to around 0.lsec

A

would involve an excessive amount of computer time and the error
involved by limiting a growing droplet to its maximum equilibrium
size, at a particular relative humidity, is small., This restric-
tion only applies during the early stages of droplet growth. As
the droplet continues to grow its actual size begins to lag
behind the equilibrium size until activation occurs, the extent

of this lag being dependent upon the nucleus mass of the droplet.

Temperature evolution

. » . 8

The change in atmospheric temperature is represented by

gz_&é SL( )an (2)

The change in temperature is therefore affected by radiative flux

aaah
v

divergence, sensible heat flux divergence, and the release of

latent heat by condensation. In relation to radiation fog

14
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development, and as turbulence is necessarily small, the major

effect on temperature development is through radiative exchange.

The transfer of infra-red radiation in the atmosphere is
calculated at each 1level in the vertical, for five spectral
intervals, as given by Rodgers and Walshaw (1966), Partridge and
Platt (1976) and Roach and S8Slingo (1979). The upward and
downward fluxes at a particular level, Fi(z) and F;(2) are

given as

Fi(z)f = [Bi(g:nd) - Bi(zs)] Tti(z'zs) + Bi(z) -
Tr.(z,2') dB; (2') dz°' (3)
[rrateet) gaaan,
2g

Fi(z)),- {Bi(top) - Bi(ztop)] Tri(z,ztop) + Bi(z) +

z(top) . .

. L
fTri(z,z )dB;Sz ) dz . (4)
z

Bi(z) = the Plank function flux representing the temperature at

that level

z, = the lowest level for integration in the atmosphere

ztop = the highest level for integration in the atmosphere
Tri(z,z') = transmissivity between 1levels z and z' which
contributes to the overall transmissivity in the band
between the level of measurement and the top or bottom
of the atmosphere.
The first term on the right of equation (3) is included to
account for any temperature discontinuity that may exist between
that at the ground and the temperature of the air at the lowest
level to which the integration is carried.

18




The method used to solve the above equation is based upon
that given by Roach and Slingo, with a few modifications.
The limits and principal absorbers for the five spectral

bands are as follows:

Band Limits(pm) Principal absorbers
1 25 - 1,0
2 17 - 25 H,0

4 8 - 13 Atmospheric window
S S -8 H,0

The Planck function flux for each spectral band is given as:

B,(2) = air(:)bi

where T(z) is the temperature of the air at that level in K and

the values of a and b for each spectral band are:

Band(i) a; bi
1 8.961 x 104 1.991
2 4.676 x 1076 2.906
3 2.637 x 108 3.889
. 6.119 x 10712 5.360
5 3.069 x 10”18 7.844

The calculation of the overall transmissivity involves the
multiplication of the individuai transmissivity values of each
absorber in a given spectral band. For the molecular bands Roach
and Slingo used an analytic fit to data from the band model of

Hunt and Mattingly (1976) and McClutchley (1973). The function

derived was:

16
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'l'ri(u) = u

n n
+u +
u Cu

where u is the absorber amount in g cm-z and uge N and C are

given below:

Band u (g cm™2) n o
1 2.57 x 1073 0.6 1.92
2 1.289 x 107% 0.6 0.33
3 3.471 0.6 -

3 2.20 x 1072 0.43 -
A - - -
5 6.61 x 102 0.4 -

The extra term, Cu, was required for the calculation of the
transmissivity for water vapour in spectral bands 1 and 2 only.
To account for the difference between the transmissivity values
calculated over zenith angle and parallel radiation, a
diffusivity factor of 1.66 (Rodgers and Walshaw) is applied to
scale the absorber amount. However, unlike Roach and Slingo the
correction for changing atmospheric height and conseguently
pressure by averaging absorber amount over a given path length is
not taken into account due to the relatively small atmospheric
depths involved.

The major influence on the transmissivity, however, results
from the strong absorption by water droplets, which provides the
main mechanism by which fog continues to develop. The trans-
missivity due to the droplets has the form:

Tti(z,z') = exp(-0d(z,z']) (5)
where the optical depth 0d(z,z') is obtained by integrating the

absorption cross section of the droplets, and is given by:
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0d(z,2') = 1.66 N(r,z")ftzQa(r)drdz" (6)

r_J
z 0

whera N is the concentration of droplets and Q,(r) is the

absorption efficiency of droplet of radius r.

Qa(r) is given by:

Qa(r) = Aill - exp(-Bir)l
with A and B taking on the following values for each spectral
band:

Band (i) A, B;
1 - -
2 1.6 0.25 -
3 1.35 0.45
4 1.13 0.16
5 1.3 0.1

In band 1l Qa(r) = 1.3r, with Qa(t) not being allowed to exceed
1.‘.

At present the radiation scheme is a simplifiéd version of
that given by Roach and Slingo. The scattering effect of
droplets is omitted, but the error in the cooling rate has been
found to be only between 4% and 9%. The absorption produced by
the dimer molecule is also omitted, Partridge and Platt (1976)
finding that its main influence is felt in ﬁropical atmospheres.

The net upward longwave radiative flux is then given by:

Pyi2)T = F(2)T - F ()} (1)
and the heating rate of the layer by:

fig) - ;%‘5(3% ;’m"’f) (8)
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Ground Temperature

The temperature at the ground is calculated following the
method employed by Zdunkowski and Nielsen (1969) and Zdunkowski
and Trask (1971). The temperature evolution at the ground sur-~
face is given by:

éggz_jL K 135’ z<0, t>0
st $z 3z (9)
where Ts = soil temperature in the topmost layer
Ks = molecular exchange coefficient for soil.
To obtain the change of temperature at the air/ground boundary,

2dunkowski and Nielsen give, in finite difference form:

T ,j#¢1 - T 1
s s _ =
- [ ]
Lt Colpatly _ Cgh'e,
S— IRT - T
K;+1 JKs K 8 K 8-1
2
X FN + ZCDfaK s (T3+1 - Ts)
Its(n5*1 - 3Ks§
2c, g, (K')%s r -
- s-1 ~ 's

325-1(3K'8-Ks_1)
where c_ = specific heat of air

K = exchange coefficient of air
K' = molecular exchange coefficient for soil
P, = density of air
C_ = specific heat of soil
Fg = density of soil
T = temperature
F, = net radiative flux
and S refers to the surface and S+1 and S-1 to the layers

immediately above and below the surface.
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The turbulent exchange coefficient
Given that the flux of sensible heat is given by

H= -fcpkﬂie/bz (10)
where K. is the exchange coefficient for heat and that, on the
basis of dimensional theory, Monin and Obukhov (1954) established

the flux profile relationship for temperature to be

s _ _ _H ¢H(z/L)
$ 2 - ¢CpkugZ (11)

where k = von Karmans constant

u, friction velocity

¢H(z/L) universal function from the relationship between 2z and
L, where L is the Obuklov length scale,
then the exchange coefficient, by rearranging and substitution,
is given by
Ky = ku,z/ $.(z/L)  (12)

Under adiabatic conditions, in the absence of buoyancy,
¢H(z/L) = 1, and therefore Ru,z corresponds to the adiabatic
value of the exchange coefficient. Under non-adiabatic
conditions this term can be determined from

Ky = K,3/Py(2/0L) (13)
where Kad = the adiabatic value,

Many forms of the relationship between the universal
stability parameter, ¢(z/L), and the Richardson number have been

derived, but for the present, the model makes use of that given

by Pruitt, Morgan and Lourence (1973), where

®(z/L) = 0.855(1 + 34Ri)°*Y when Ri > 0 (14)
p(z/L) = 0.855(1 - 22R1)™ 24 when Ri < 0 (15)
20
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where Ri, the Richardson number, is defined by

Ri = (g(T)(§e(32)
(Su/.iz)2

where g = gravitational velocity
0 = potential temperature
T = temperature
u = wind velocity
Instead of explicitly calculating the wind profile, the
model calculates the windshear ju/$z from the friction velocity,
u,, in the form Su/§z = u, /kz.
It is also assumed that the exchange coefficient for heat,
vapour, and momentum are equal (KH = Kw = Km).
A more complete discussion of the exchange coefficient in
relation to the developing boundary layer will be presented in a

later section.

. Supersaturation

The change in supersaturation at each time step is given by:

: L R LA (16)
3 S P O RGTZ St

The temporal evolution of the supersaturation therefore responds

to the change in mixing ratio induced by condensation onto the

growing drops and the flux of water, and to the change of

temperature.
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Liquid water conteﬁéﬁ
The liquid water content is given by

Su L7
—3-’-'“.‘%2}21:” (17)

3
t 13713

Condensation rate

Su 6§ Suw
Cy = Tt ~ 3z ~ 3752 (18)

The degree of condensation is a result of the changing
liquid water content, and the amount of flux of water produced by

eddy diffusion and gravitational sedimentation.

Mixing ratio
The mixing ratio is simply given by
Mp = (1 + SIMpg (19)
and the evolution of the mixing ratio by

M §M
R $ R
St - 32 - G
Numerical Model Results
| The radiation fog model is similar to that developed by
Brown and Roach (1976) and Brown (1980) though with certain

modifications. These models were the first to incorporate de-

olf il i 2 e

s

tailed microphysics in determining the evolution of fog, although

other important aspects, such as turbulence and stability, with

F D R

their subsequent effects on microphysical development, have been

generally left unexplored. Gravitational sedimentation has yet

- ate e
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to be included realistically in the model reported here, which
consequently results in enhanced liquid water contents and also
rapid fog development after the first 90-120 minutes. This
- feature of the model will however be discussed more fully in a

later section.

Boundary layer evolution

The model was initiated with an isothermal temperature
regime of 283K and a constant mixing ratio, resulting in a rela-
tive humidity of 95% in the lowest 200m of the boundary layer.
The soil was taken to be dry clay with its properties given in
Table 2. The friction velocity was taken as 0.1lm s-l, correspon-
3 ding to a mean wind velocity of lm s-l over relatively smooth
terrain. The downward flux of radiation assumed at the iop of
the model boundary layer at 200m produced a net upward radiative

flux at the surface of approximately 70W m-z.

[ I R A S N

At the initiation of the model, atmospheric cooling results

only from direct radiative loss to space, principally through the

atmospheric window. This radiative loss is induced by the change

e a0

in the path length in the lower atmosphere. Variations may be

produced, however, if the model is initiated with a non-

isothermal temperature structure. The initial cooling rate in

the atmosphere is consequently small, in the region of 0.05K h-l,

comparable with that given by Brown and Roach. As the ground
begins to cool by net longwave radiative loss to space, at a rate
of approximately 3K h-l, the air near the surface responds by

radiating to the colder ground and thereby increasing its

L]
K
.
[ -

cooling rate. After 15 minutes, the air at the ground-air inter-
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face has reached saturation and the cooling rate at 4m has in-

creased to 0.4K h-l. After 45 minutes the cooling rate at 4m has

increased to 1K h-l. The air at this height reaches saturation

JCML AR D T Ty

73 minutes after the initiation of the model after cooling by 1K,
by which time the ground has cooled by 3.2K. The temperature
evolution in the lower boundary layer is shown in Figqure 2.The
height of the fog top, which is defined at present by a relative
humidity in excess of 97% is also shown.

After saturation at 4m, the fog continues to develop rapid-

VR

ly, with the fog top rising to 30m lhr and 45 minutes after model
initiation. After 2 hours, an adiabatic lapse has developed near
the ground. The rapidity of this development is a consequence of
the high values of liquid water content in the absence of gravi-
tational sedimentation. In this case, 1liquid water contents

reach 1l.2q m-3, a figure in accordance with that given by Brown

"‘ 'd“l' 'l .'l.‘ 1 ' . -' LA

and Roach when gravitational sedimentation is disregarded. The
high water content values, with their associated large drops,
increase absorption, especially in the 8-12pm band. Thus, large
i variations in radiative flux are produced and excessive cooling
‘ rates develop leading to adiabatic profile development.
? ' Fog evolution was also calculated with additional radiative

exchange as described by the first term in equation 3. This term
2 | takes into account the temperature difference between the ground
and the top of the vegetation, where Oke (1970) found a temper-
ature minimum, This temperature difference results in enhanced
cooling in the lower boundary layer as the air radiates to a

surface at a lower temperature. The temperature profile evolu-
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tion is shown in Figure 3. After 15 minutes, the cooling at 4m

is 1.1k n~?

and saturation at this level is reached in S1 minutes
compared with 73 minutes in the previous case. Conversely,
ground cooling has been lessened due to the reduction in net
longwave loss brought about by the more rapid development of high
relative humidities and drop growth. As the fog continues to

develop and the influence of water drops on radiative exchange

increases, the change to an adiabatic lapse in the lower layers

occurs approximately 30 minutes earlier.

el

The influence of soil type on boundary layer evolution and

- SN

'fog development has also been investigated. The soil types used
were wet clay, dry and wet sand, and old snow. The properties of
these surfaces are given in Table 2. The evolution of the tem-
perature profiles, with and without additional radiative
¢ exchange, are shown in Figures 4 to 9, and certain properties of
» the developing boundary layer in Table 3. With the additional

radiation term omitted, the major influence on fog evolution is
; | the moisture content of the soil. The wet soils have greatly

enhanced densities, specific heats, heat capacities, conduct-

[3ie" o

ivities and diffusivities. Therefore they permit a greater ab-

§

sorption of any heat loss or gain with consequently reduced

extremes of temperature. In comparison with dry clay, the ini-

“SFYSST NN

tial ground cooling rate for wet clay is approximately halved,

and saturation at the ground-air interface is reached 15 minutes

h S SNS D

later. Saturation at 4m is reached in 1 hour and 50 minutes,
compared with 1 hour and 13 minutes for dry clay. The same
general lituation is observed for wet sand. However, despite the

N increased time taken for fog formation, after saturation, radi-

-
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2 ative cooling induced by the droplets becomes dominant and again
v leads to the development of an adiabatic profile in the lower
layers of the atmosphere.

]
‘I The model has also been calculated using an old snow cover

. and the development of the temperature profile is shown in figs
10 and 11. The initial cooling of the ground is greatly enhanced
b compared with other soil types leading to saturation at the
ground/air interface after only 10 minutes and after 1 hour at
4m. Generally, the fog and an adiabatic lapse developed more
rapidly for this case.

The model at present assumes that turbulent heat exchange is
relatively insignificant due to the low values of the exchange
coefficient. However, the evolution of the turbulence regime,

especially in relation to strong stability, is still unclear and

consequently the relative roles of radiative and turbulent

LE N UTALS

cooling remain vague. As discussed previously, Funk (1960) found
large values of radiative flﬁx divergence near the ground, par-
tially offset by sensible heat convergence. Similar results were
found by Rider and Robinson (19%51). Measurements of temperature
profiles above a variety of surfaces by Oke (1970) show a minimum
- in temperature at heights up to 50cm. However, Oke could not
2 j determine the exact cause of the minimum but postulated that they
| may have been produced by an elevated haze layer. These results
may show that radiative warming was taking place at very 1low
levels thus lending support to the argument put forward in

Fleagle and Businger (1963). This concept is further supported

by results presented by Schaller (1977), where a combination of
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observations and numerical modelling show that radiative warming
took place below 20cm, with strong radiative cooling above.

The development of the surface-based inversion and the tem-
perature structure with height (and hence.the conditions con-
ducive to fog formation) are consequently a result of the inter-
play between radiative and turbulent heat exchange at various
levels in the atmosphere. André and Mahrt (1982), from experi-
mental and numerical results, found that clear air radiative
cooling dominates temperature reductions only when turbulence is
almost completely suppressed. However, when turbulence is pre-
sent, temperature changes in the lower layers of the atmosphere
are dominated by the divergence of the sensible heat flux and
radiative cooling is only important in the upper layers of the
boundary layer. In this case, radiative warming exists in the
lowest 10-20m of the atmosphere.

Results - obtained by Garratt and Brost (1981) using a second-
order closure model to determine nocturnal boundary-layer evolu-
tion produce somewhat different results, although comparison
between models is difficult to make due to variaéions in turbu-
lence levels. Near the surface the total cooling rate of
approximately 1K h-l was found to be produced principally from
radiative flux divergence, partially offset by sensible heat
convergence, These results were similar to those produced by
Funk. Above this level, the divergence of the sensible heat flux
maintained the cooling rate and, at the top of the inversion, the

radiational cooling again dominated.
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Pog microphysics

As mentioned previously, the development of the fog micro-
physics is greatly influenced by radiative exchange throughout
the evolution of the fog, and in turn the radiative exchange
responds to the evolving microphysics. Such exchange at first
affects the critical supersaturation of the larger droplets,
lowering them in some cases to below zero. For example, in the
cagse of ammonium sulphate (NH‘)ZSO‘, values of the critical
supersaturation ratio (%) are presented in Table 4 for net radi-
ative 1loss of 15, 25 and 35W m-z, in comparison with values in
the absence of such loss.

The result of this process is that droplets forming on
larger salt nuclei have greater equilibrium radii than they
would have in the absence of this exchange and they therefore
attain and exceed their critical radii at an earlier stage. In
some cases droplets may be activated in slightly undersaturated
air. Thus the maximum supersaturation and therefore the concen-
tration of activated drops may be reduced in situations where
radiative exchange between the droplets and their immediate en-
vironment occurs. .

As the droplets continue to grow, the level of radiative
loss remains a major influence on their growth rate. As it is
difficult to distinguish the various influences on the growth
rate of a population of droplets (and also to allow comparison
with previous investigations), the effect of net radiative loss

was isolated from other factors influencing the aicrophysical

evolution. In all the following cases the droplet radius was
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taken to be 4Pm at t=0, Figures 12 and 13 illustrate the effect

of radiative 1loss on droplet growth with a variety of nucleus

masses and a constant supersaturation. Without radiative 1loss
droplets grow to between 14 and 17Pm in 50 minutes depending on
the masses of the original nuclei. With a radiative loss of 30w
m-z, droplets grow to between 23Pm and 26Fm in the same duration.
Radiative exchange consequently greatly enhances drop growth
although, in reality, droplets are unlikely to experience this
degree of radiative exchange for such a duration. Figures 14
and 15 illustrate the effect of radiative exchange on droplet
growth with a constant supersaturation of 0.0% and 0.05%. In the
absence of radiative loss, and with zero supersaturation, droplet
growth is severely restricted, with growth from 4pm to zpm in 50
minutes. However, a similar droplet experiencing radiative loss

of 30W m 2

would grow to 16pm over the same period. With a
constant supersaturation of 0.05%, droplets experience growth
with and without radiative exchange, although radiative exchange
clearly leads to enhanced growth.

Although gravitational sedimentation is not at present
included in the microphysical evolution of the model 'fog, an
approximate method of determining its effect was included in the
simplified model described above. The gravitational velocity was

described by:

v = 2 (pw - Pa)

T an
where §w = density of water

pa = density of air

g = acceleration of gravity
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N = dynamic viscosity of air

r = droplet radius
which is applicable to droplets of less than 40um. A profile of
the net upward longwave radiative flux which had a maximum value
of 30W m'z at 30m, and decreased with decreasing height was also
included in the calculations. The combined effect of droplet
growth with radiative exchange and gravitational sedimentation is
shown in Figure 16, with a constant supersaturation throughout
the 30m depth of the atmosphere of 0.05%. Initially the droplet
growth is enhanced by the influence of the radiative exchange
but, as the droplet settles through the fog, this exchange
decreases and the rate of growth consequently decreases. For a

nucleus mass of 1 x 10711

gms the droplet takes 24 minutes to
reach the ground at which time its radius has increased to 16pm.
For a droplet with nucleus mass of 1 x lo-lzgms the time taken to
reach the ground increases to 32 minutes and the maximum radius
decreases to 14Pm. When the supersaturation was set to zero
(Figure 17) throughout the 30m of atmosphere the maximum radius

attained by the droplet with nucleus mass of 1 x lo'llgms was

l4pm and 9pm for a nucleus mass of 1 x lo'lzgms.

Although the calculations adopted here are only a simplified
version of the processes taking place in a radiation fog, the
results jindicated that the maximum radius which can occur in a
fog wunder the influence of sedimentation is in the region of
16pm, depending on the depth of fall and the magnitude of the
radiative exchange. The prediction of the maximum radius is

therefore dependent on the knowledge of the net upward radiative

flux profile and the degree of turbulence which may act to oppose
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the sedimentation of droplets.

The complete radiation fog model was originally formulated
with a cloud condensation nuclei distribution of the form:
N = 15008°°3
which is typical for continental air masses as defined by pre-
vious investigators (Pruppacher and Klett, 1978). The nuclei
were assumed to be completely soluble ammonium sulphate,

(NH‘)ZSO‘. This form of the CCN distribution produced a total

3

concentration of nuclei of 340cm ° with a critical supersatur-

ation below 0.07%, and a total mass of 132pg m~3.  Although
gravitational sedimentation was not included, the initial de-
velopment of the droplet spectrum appears to be realistic. In
respect of the night-time boundary layer evolution over a dry
clay soil, the development of the droplet spectrum, including the
haze phase, from the initial dry nuclei is shown in Figure 18.
Also displayed is the critical radius corresponding to each class
of nucleus. As the ground-based inversion develops, the CCN
respond immediately, at first, to the increasing relative humid-
ity although, subsequently, the droplets formed from larger nu-
clei, with their relatively slow response times, lag behind their
equilibrium sizes. Consequently, the larger nuclei are never

activated. However, the dimensions of intermediate-sized nuclei
increase beyond their critical sizes and droplets are activated,
as can be seen from the figure. The low values of supersatur-
ation found in the fog are insuificient to activate the three

smallest classes of nuclei. After 1 hour and 45 minutes, the

maximum droplet radius at 4m is 15.5pm although, with sediment-
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ation this would most probably be reduced. The maximum super-
saturation attained at this level is 0.038%, a figure which
agrees with that found by previous investigators.

The development of the droplet size distribution in the
boundary layer influenced by a wet clay soil (Figure 19) clearly
reveals the influence of the reduced cooling rate. The droplet
spectrum develops more slowly, the maximum supersaturation
attained is lower at 0.023% and fewer classes of nuclei are
activated.

It can be seen that the form of the CCN distribution and the
effect of gravitational sedimentation play an important role in
the development of the fog microphysics. The CCN distribution
utilized provides a high concentration of large nuclei which, as
grown drops, remain in the distribution. Even though the larger
droplets may not be activated, the lowering of their critical
supersaturation by radiative exchange below that present in the
fog, causes them to continue to absorb available water. There-
fore, they tend to decrease the supersaturation and the number of
droplets activated. Conversely, the high concentration of large
droplets in the fog have a pronounced effect on radiative flux
divergence and cooling, and therefore assist in maintaining the
level of supersaturation. If sedimentation was included, the
concentration of large droplets and the liquid water content
would decrease to more realistic levels, in turn leading ¢to

reduced cooling rates.

Pog condensation nuclei

Recently there has been discussion in the literature as to

uv----ﬂ
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the exact form of the condensation nuclei distribution at low
supersaturation. The previous analyses were based on a distrib-
ution that is widely reported to represent continental air masses
and has been used in previous investigations of fog microphysics.
Although the actual concentration of nuclei at low supersatura-
tions are not measured by the commonly-used, Mee CCN counter, it
was believed that the activation curve could be interpolated to
lower levels. Hcwever, Hoppel (1979), Hudson (1980) and more
recently Alofs and Liu (1981) have produced results using dif-
fusion cloud chambers which allow the measurements of activated
nuclei over a wider range of supersaturation. Alofs and Liu
show that, in the range of 0.68l% to 0.013% supersaturation,
there are two distinct activation curves, with the change in
slope occurring around 0.05% supersaturation.

Because of the importance of the nuclei distribution in the
initial development of the drop size spectrum, the results
obtained by Alofs and Liu were incorporated into the model.
Between 0.07 and 0.05% supersaturation the nuclei distribution
was represented by the form:

N = 300084

and for the remainder of the distribution by:
N =4 x 10553-0,

Utilizing these formulae gives a total nuclei number concent-

3 and a total mass of 22pg m 3,

ration of 620cm”
The resultant drop size spectrum at a height of 4m for a

boundary layer influenced by a dry clay soil is shown in Figure

20, representing a liquid water content of 0.19g m-3. The con-
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X centration of droplets greater than lpm is 530cm-3. For compari-

son, a spectrum is included from the Meppen 1980 experiment for
. approximately the same water content with a droplet concentration

of 590cm™S.

The effect of a variation in the condensation coefficient
The fog evolution model was also formulated with a variation
in the value of the condensation coefficient. In the cases
presented above, the coefficient was set at a value of 3.3 x
‘ 10'2, a value used by Brown (1980). By reducing the coefficient
3 _ to 3.3 x 10-'3 a significant effect on the spectrum is observed
(Figure 21 and Figure 22). In both cases the lower value of the
; condensation coefficient reduces the growth rate, increases the
. maximum superéaturation, and allows the activation of the smaller
- droplets. Consequently the spectrum becomes narrower, the maxi-

mum radius being reduced from lo—llpm to 7-8pm as more droplets

: compete for the available water and the growth rate is slowed.
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Conclusion

Although the model still requires the inclusion of gravit-
ational sedimentation, the major processes contributing to the
pre-fog and early fog structure are realistically simulated. The

development of the model has emphasised the importance of the

- radiative exchange on the temperature evolution in the boundary
layer and also on the development of the droplet spectrum, with
! its associated feedback to the radiation budget. However, the
{ relative roles of radiative exchange and sensible heat exchange
5 are not adequately understood at present, and further numerical
h investigation is required to enable the model to closely examine

N the development of the nocturnal boundary layer under a variety

of conditions. The model was also formulated to represent a
variety of initial condensation nuclei distributions because of
the importance of the form of the activation spectrum at the 1low
values of supersaturation often found in fogs. In this way, the
model predicted that the form of the initial nuclei distribution
. can affect the ensuing droplet spectrum and that droplet spectra
similar to those obtained during the Meppen 1980 experiment can
be produced.

Apart from gravitational sedimentation which is currently
being incorporated, the fog model requires additional processes
which are not presently included in any existing model to be
taken into account for the complete simulation of fog. The de-
velopment of the droplet spectrum, and its related transmissivity

and visibility, require the inclusion of the effects of convec-

tive motions beneath the fog top, the effect of horizontal wind
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shear and its significance at low wind velocities and the effect
of gravity waves and other extreme stability phenomena. All of

these processes may produce entrainment and mixing of air masses
of varying histories within the fog and subsequently affect the
nature of the droplet spectrum with height and the further de-
velopment of the fog. With such a wide range of reported maximum

sizes and droplet concentrations in fogs, all existing models

are inadequate in the descriptions of these important features.
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