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Formation and evolution of fogs allowing for synoptic situation
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Numerical model of fog formation is constructed based on the equations of inflow of heat and
water vapor in the turbulent atmosphere, which are written in an invariant form. Turbulent and vertical
motions are of basic importance in the transport of heat and water vapor from the Earth’s surface to the
atmosphere and within it. Interchange parameters are determined based on the similarity theory, and the
vertical velocity parameters are determined from the continuity equation. According to observations, most
frequently the fogs are formed in the areas of decreased pressure [V.A. Lukin, Analysis of Fog Formation
in the South-West of Leningrad Region (VVV AIU, Voronezh, 1996), issue 18, 411 pp.]. As the
characteristics of a synoptic situation (baric field) we use: the geostrophic wind (uniquely connected
with the cyclone depth), the wind velocity and its deviation from an isobar near the Earth’s surface (at
the level of 10 m), the dimension (radius) of a cyclone, the thermal stratification, the shape (roughness)
of the Earth’s surface, the temperature, and the relative humidity in the initial state. Effect of these
characteristics on the thickness and water content of fog, possibility of its formation are estimated

quantitatively.

Fogs and hazes relate to a number of the
atmospheric phenomena with which the abrupt change
of optical and thermal-physical properties, first of all,
of the atmospheric near-ground layer is connected.
Deterioration of the visibility range, from 10 to 1 km in
a haze and below 1 km in a fog, affects the operation of
all types of transport: aviation, automobile, river, and
sea. For formation of a fog, the effective radiation of
Earth’s surface decreases abruptly, and, as a result, the
probability of occurrence and the intensity of the light
spring frosts acting destructively on the fruit and other
agricultural crops during their florescence decrease.

In the investigations carried out up to now, the
main attention has been given to the effect of radiation,
turbulent, and advection inflows of heat on fogs.
However, it is well known from observations that the
formation of fogs is closely related to synoptic
situation. The most essential distinction of the regions
of decreased (cyclone, trough) and increased
(anticyclone, crest) pressure is that the vertical velocity
is different in them: in the former region, the upward
motion of air is observed, as a rule, and the downward
motion is observed in the latter one.

The primary goal of this paper is to construct a
numerical (hydrodynamic) model of formation and
evolution of fogs and to estimate quantitatively the
effect of various factors on the water content and other
characteristics of fogs.

Numerical model of formation
and evolution of fog

It is well known! that the drop of the air
temperature (T) and an increase in the water vapor
content play a principal role in the attainment of the
state of saturation and consequent condensation of
water vapor. In a due course, the change of T and
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water vapor content occurs under the effect of the
turbulent exchange, vertical motions, advection, and
process of condensation. As regards the radiation, it has
the determining direct effect on the temperature of the
underlying surface.

The initial set of equations of inflow (balance) of
heat and water vapor, following Ref. 1, we write in the
invariant form

am_ om _ o, oI

or T T ko 0
0s 0s 0 , 0Os
o T Vo T o ko 2
In Egs. (1) and (2) II and s are the invariant values.
[I=0+Lg/c, (3)
s=q+39, (4)

where ¢ is the fraction of water vapor mass in the total
mass, O is the mass (specific) water content of fog,
8 = T(1000 /p)0-286 is the potential temperature, L and
¢, are the specific heat of condensation and the specific
heat of air at constant pressure, w is the vertical
velocity, k is the turbulence factor, z is the height, ¢ is
time, and s is the specific moisture content.

The boundary conditions for unknown values T
and s are set as follows:

T(0, t) = To(t);
sC0, t) = foqm [To(0), pol for z =0, )
T(H, t) = Tu(0); s(H, t) = gg(0) for z=H. (6)
The initial distribution of the same values is
T(z, 0) = $(2);
s(z, 0) = foqu(T(z, 0), p(2)) for t = 0. (7

Here ¢,, = 0.622 E(T)/p is the fraction of saturated
water vapor in the total air mass; f is the relative
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humidity of air at ¢ = 0 which keeps constant within
the entire layer from 0 up to H; py = 1000 hPa is the
pressure of air at z = 0; the pressure height distribution
p(z) was determined from the equation of static.

Time variation of temperature T((¢) on the Earth’s
surface was described by the D. Brent? formula

To(t) = To(0) — DA, (8)

where D is the parameter depending on the effective
emission of surface and the thermal-physical properties
of soil.

In accordance with Eq. (5) the specific moisture
content at z =0 keeps constant and is equal to the
fraction of the total mass ¢(0, 0) at the initial moment.
However, as the temperature decreases, the condition of
saturation is reached, when in the expression s = ¢q,, + &
the summand ¢, decreases down to values
gm0, T) < g(0, 0) near the Earth’s surface and fog is
being formed.

The vertical velocity w and turbulence factor k
have major importance in this processes. To find their
dependence on height and other parameters, the results
of the similarity theory and the dimensionality theory,
which have been developed for incompressible liquids
(in application to the atmosphere it is equilibrium
stratification) by German scientists Prandtle and
Karman and generalized for the case of non-equilibrium
stratification by A.S. Monin and A.M. Obukhov3 are
used. Sufficiently general relations for the dependence
of k, the wind velocity ¢, temperature T, and the
fraction of the total mass ¢ on height have been
obtained in Refs. 4 and 5.

Let us write here the formulae for the height
distribution of k and T in the near-ground layer:

k(z) = xL,u,[1 — exp(—z/L,)], )
T(z) =Ty + T, In(n/ng) — V.(z — zp). (10)
X
“In(n/ng ®
T35 —Ty+vy,23—27)

In(nz,/Ny) '

Here L, is the Monin-Obukhov scale; u,

the scale of wind velocity; T, =
the scale of temperature;
n(z) =exp(z/L,) — 1; (11)

Ty, Ty, T3 are the known (measured) values of the
temperature at the levels zy, z9, and z3, respectively; ¢
is the wind velocity at the height zy; ng, Ny, N2, and n3
are the values of the variable n at the level of surface
roughness zy and heights zy, z5, and z3, respectively;
X = 0.38 is the Karman constant.

The scale L, can be represented as

T2 uZ
L* = 2 ’

(12)

where g is the acceleration of free fall.
The sign of L, depends on T,. Since (T3-—

—-Ty/(z3—2z9) =—y, we have T,=(y,—y(z3—
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- z9) /In(n3,/Ny). From this it follows that T, and L,

are positive under the stable stratification (y<Yy,) and
are negative (T, <0, L, <0) for the unstable (y>y,)

stratification of the near-ground layer. The closer the
stratification is to equilibrium (the less the difference
IV, — ¥l is) the lager the modulus of L, is.

If we select the levels z{, z5, and z3 so that
z9=121/2 and z3 =2 z; and use the expressions for u,

and T,, the relation (12) takes the form

zy In(ng/ny)
L, In%(n/ng)
where DI is the dimensionless parameter:
921 Ts — Ty + 3y,21 /2
l= T 5 :
2 Cq

DI, (13)

(14)

If we know the difference T3 — Ty and the wind
velocity ¢q, and also zy,/zq, then from Eq. (14) we find
DI, and from Eq. (13) we find the scale L, /z;.

The results on L,z calculated by the relation
(13) have been presented in Ref. 4.

The turbulence factor determined by the
formula (9) grows with the increasing height within
the near-ground layer. It follows from the definition of
the scale that the thickness of the near-ground layer 7
is proportional to L,. By supposing that # =L, for
y<y, and 2 =- L, for y>Yy,, by the formula (9) and
allowing for u,, we obtain the following expression for

the turbulence factor k(%) = kj, at the upper boundary
of the near-ground layer:

kh XZB L,

zier In(ny/ng) 2y’ (15

where B=(e—1)/efory<y,and B=1-e fory>y,
(here e =2.72 is the natural logarithmic base). At
higher & the factor k remains practically constant. The
wind velocity at the level % equals to

¢, = B, (16)

where B = In[(e = 1),/ngl/In(n{/ng) for y<y, and
B =1In[(1 = e)/(eng)]/In(ny,/ng) fory>y,.

In the upper part of the boundary layer (z = h),
where k = kj,, the solution of the equations of motion
has a form of the well-known Hackman expressions.

To determine the vertical velocity w, the
continuity equation is used

ou Ov Ow
P 3 +35, =0, 17)

where u# and v are the projections of the wind velocity
(vector) on the horizontal coordinate axes x and y.
Integrating expression (17) over height and using
the equations of motion for k = kj, we obtain for the
vertical velocity averaged over the area of a cyclone o

w=lJJ; wdo, (18)

o
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the following expression:

1
w(2) =50 J (191 — Tl (19)
[

Here [ is the contour of the area o; 1y and T are the
projections of the turbulent stress of friction at the
height z and on the Earth’s surface, respectively; 2w, is
the Coriolis parameter; p is the air density.

Assuming that o = 102 and [ = 217 (the circle with
radius 7), we obtain the following expression for the
vertical velocity on the height z:

w(z) = cg21(G -G, /r+ wy, (20)

where c; is the geostrophic wind velocity; wy, is the
vertical velocity at z = A.

Analysis of the values G and G, shows that w(z)
depends on four dimensionless ~ parameters:
Ry = c1/(w,z1), c1/cg 20/21, and zy/L,, and the
parameter cgzy/7 with the dimension of velocity. In
performing calculations, the parameter z;,/L, has been
set, though it is uniquely related by the Eq. (13) to the
parameters DI and zy,/ z4.

The function ¢(z) introduced in Eq. (7) and
describing the height distribution of temperature at zero
time has remained indeterminate.

It is natural for the near-ground layer to consider
this distribution to be described by formula (10), in
this case the difference T3(0) — T5(0) included in the
expression for the scale T, should be known

(measured).

The levels zp=2;/2 and z3=2z and the
difference of temperatures T3 — T, are introduced
because under actual conditions the temperature T at
the level zy is unknown and practically cannot be
measured. In the model calculations T, can be
considered as known (given). Therefore, the formula
for the scale T, can be determined without introducing

the temperatures Ty and T3, but only for the difference

of temperatures T (at the height z{) and Ty (at zp). If

we write the formula (10) for the level zy, we find

from it

T1 - TO + ya(21 - 20)
In(ny,/no)

T,= 21

The temperature distribution 7(z, 0) at initial
moment has been described with the formula (10) for
T, determined by the relation (21). Since a fog is
normally formed under conditions of stable (as a rule,
inversion) stratification of the near-ground layer the
difference T4 — Ty should not exceed 0.1°C (the
gradient T from zg up to z; = 10 m is less then the dry
adiabatic one). According to expression (10) the
distribution essentially differs from a linear one at
small heights (z < L,). Above the near-ground layer

(z > L,) the third summand in Eq. (10) begins to play

the principal role (the gradient of T closer approaches
Y,). Since under actual conditions above the near-
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ground layer the gradient of T is considerably less then
Y;, in the formula (10) the gradient y has been
introduced instead of y, because the change of T comes
nearer to it with height at z >> L.

In addition to the difference Ty — Ty at the initial
moment the relative humidity f; assumed constant at
all heights (from zy up to H) is introduced.

Solution of the system (1)—(4) under boundary
conditions (5)—(6), for the height distribution of
temperature and humidity of air at the initial moment,
in accordance with Egs. (7), (10), and (21) and the
change with height of the turbulence factor and vertical
velocity by the formulae (9) and (20), which are
included in the initial system is obtained with the
numerical implicit double-sweep method for the
temporal step 60 s. Approximation of the height
derivatives by the well known regularity is taken into
account: the closer the level to the Earth’s surface the
faster all values vary with height. For this purpose the
height step is taken variable

zjiv — 2 = B(zj = zj-1), (22)

where [ is the constant which is taken to be equal to
1.5, 1.25, and 1.0 (for a comparison of the accuracy of
calculations). The following relations approximate the
height derivatives:

af fj+1 f]-,1

— = + . (23)
0z 2A2]'+1 2AZ];1
% fit i T
i 3 T 2t 2 (24)
Zz AZ]*+1 AZ] 2A2];1
where
A2]‘+1 = Z]'+1 - 2]‘; A.Z]‘ = Z]' - ];1; A2]‘71 = Z]'71 - 2];2.

Calculated results

Let us first present information on the dynamic
characteristics: the angle of deviation of wind from an
isobar in the near-ground layer (o), the turbulence
factor (kg), and the vertical velocity (wp) close to the
upper boundary (H) of the boundary layer.

For fixed Ry = ¢y/(w,z() =3003, L, /z4 =5, and
20/z1 = 0.1 the angle ag increases when the ratio ¢1,/cg
grows:

1/ ¢cg 0.3 0.4 0.5 0.6 0.7 0.8
ag, deg 40 39 7 79 85 90

When  the
stratification of the near-ground layer comes closer to
the dry neutral one, and the turbulent exchange is
intensified. For this reason at Ry = 3003, zy/z; = 0.1,
and cy/cg = 0.5 the angle ay decreases when L,/ z

parameter L, increases, the

grows
L,/ z 5 10 20 50
0y, deg 71 45 27 5
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For fixed c1/cg=0.5, z9/z1=0.1, and
L,/ z¢ =50 the angle ag increases when R( grows
1071Ry 1 1.5 2 2.5 3 4 4.5

og, deg 24 33 41 47 33 64 74

For ¢y/cg = 0.8, z9/2z1 = 0.1, and L,/z; = 10 the
values of o for various Ry are the following:

1073R, 4.5 5 6 7 8
0, deg 64 69 79 88 97

Interpretation of the dependence of oy on Ry,
c1/¢cg, 20/ 21, and L, /zq is given in Ref. 4.

Let us now present the data that directly refer to
fogs. Apart from the dynamic parameters (R, ¢/ cg,
20/ 21, and L,/z;) mentioned above, the temperature
and humidity of air in the initial state affect on the fog
formation. Characteristics of fogs presented below have
been obtained for the following values that are the
same in all cases considered: T,o(0) = 15°C;
D = 2°C/h!/2 (temperature at the level z, decreases
by 2°C during the first hour from the initial moment);
T,1(0) = T,(0) == 0.06°C; zy =10 m; cgzy /7=500"4m /s
(r is the radius of a cyclone); y= 0.601072°C /m is the
temperature gradient describing the temperature
distribution for z >> L,.

All other parameters have varied within the limits
typical under natural conditions. The basic criterion is
the angle ayg; its values should be limited between 0°
and 90°.

Since the air temperature decreases most
considerably near the Earth’s surface (at the level zy)
and the maximum water content is also in this layer it
is exactly here the formation of the fog starts at. For
the relative humidity at the initial moment
f(z,0)=0.9 and values zy/zy=0.1 and L,/z4 =10
the fog has been formed in 3 h from the initial moment.
The data on the thickness of the fog for various cq/cg
and two values R are presented in Table 1, according
to which for fixed Ry the thickness of a fog, especially
in 8 h, grows with the increase of the ratio ¢/ cq.

The roughness of the Earth’s surface essentially
affects the fog characteristics. According to data
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presented in Table 2 which are the calculated values at
Ry =9003, f(z,0)=0.9, L,/z; =10, and ¢{/cg = 0.6
the thickness of the fog decreases by more than 2 times
when the roughness parameter decreases by 2 times.
When zp/zy decreases the water content of a fog
decreases also, though more slowly than the fog
thickness. The essential increase of 1073R, (from 7-9
up to 20), i.e., the wind velocity ¢y, is accompanied by
the decrease of the thickness of a fog. It is explained by
that at the increasing ¢4 the turbulent exchange causing
the transport of vapor to higher levels and the decrease
of its content in the near-ground layer is intensified.

Table 1. Thickness of the fog (m) for various values
of the ratio ¢{/cg

Time, h| 1073 ¢t/ cg
Ro[o02]03]04]05]06][07]08]09
3 |7 - 84 85 90 90 90 90 10
9 80 85 87 90 95 - - -
20 - 38 40 43 45 46 - -
6 | 7 - 30 35 36 40 45 48 50
9 29 30 3 39 4 - - -
20 - 20 2 26 27 30 - -
8 | 7 - - 80 100 130 150 170 200
9 60 72 8 100 115 - - -
20 - 55 56 70 76 88 - -

Table 2. Thickness and water content of the fog for z¢/z¢
equal to 0.1 (numerators) and 0.05 (denominators)

Time, h Thickness, m \Z?ttcliecgztgﬁ:yifs/ Il;g,

; 10 0.58

4 0.27

. 4 1.62

20 1.26

115 215

8 45 178

Table 3  presents the water content height

distribution for a fog at fixed moments at different
values of the ratio ¢y,/cg. Since the temperature decreases
most considerably near the Earth’s surface, the largest
values of the water content are observed here too.

Table 3. Water content distribution (g/kg) of a fog by a height for Ry = 3103,
f(z,0)=0.9, L,/z; =10, z9/z1 = 0.1, and various c¢{/cg

3h | 6h | 8h
c1/cg Height, m 0y, deg
3.8 8.2 3.8 1.3 258 333 3.8 11.3 333 86.9
0.1 - - - - - - - - - - 0
0.2 - - - - - - - - - - 0
0.3 | 0.55 0.00 156 073 0.11 0.00 2.08 1.25 043 0.00 25
0.4 | 0.56 0.00 158 076 0.15 0.00 2.10 1.29 0.50 0.00 40
0.5 | 056 0.01 159 078 0.19 0.01 211 1.32 0.54 0.01 45
0.6 | 057 0.02 159 080 021 005 212 134 0.58 0.01 47
0.7 | 0.57 0.02 1.60 082 024 0.07 213 136 061 0.06 48
0.8 | 0.57 0.03 1.61 083 026 0.09 214 137 064 0.09 47
0.9 | 058 0.03 1.61 084 027 011 214 137 066 0.13 46
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With the increase of height the water content for fixed ¢
and ¢1/cg decreases. At a given height the water content
of a fog increases slowly with the growth of ¢4/ cg.

In summary we formulate brief conclusions:

a) All parameters included in the model (cq, Car
zg9, fC0), T(0), L:, and r) affect the intensity of
turbulent exchange and the vertical velocity, and
correspondingly the formation time, thickness, and
water content of a fog;

b) For fixed values of all other parameters the
thickness and water content of a fog increase with the
growth of the ratios c1/ g, 20/ 21, 21/ Lx, the relative
humidity f(0), and the temperature T(0) at the initial
moment;

¢) The relative humidity, the roughness of the
Earth’s surface, and the scale of the near-ground layer
(thermal stratification) most strongly affect the
thickness and water content of a fog;
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d) Since the formation of a fog is determined by
many factors, the broad range of conditions is observed,
at which the fog can be formed.
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