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Tanne Trading Co., Ltd., in 1953) proves to apply to the

area of interest, and only two articles contained within

that volume ("A Theoretical Study on the Changes of Liquid
Water Contents of Intruding Stationary Sea Fogs Due to the
Capturing Action of a Forest in the Cocastal Region", by
Takaharu Fukutomi; and "On the Capture of Fog Particles by

a Forest", by Hirobumi Oura) actually provide information
helpful in estimating the usefulness of planting trees
between the Midland Plant cooling pond and nearby Gordonville
Road as a way of reducing the effect of the fog produced by

2/

the cooling pond on the road.

III. APPLICATION OF THE LITERATURE
TO THE MIDLAND SITE

In order to apply the Fukutomi data to the Midland
plant, we must make the assumption that the fogs caused by the
cocling pond would have characteristics similar to the sea
fogs analyzed in the Fukutomi article. However, it is not
clear that this assumption can be made.

One characteristic -- the ambient air-to-water tem-
perature range -- is of particular significance in comparing
the source of fogs. Another characteristic -- the degree to
which the ambient air temperature drops below the freezing
point of water -- is of particular significance in comparing

the effectiveness of trees in removing fog.

2/ Copies of these articles are appended hereto as
Attachments 1 and 2, respectively.
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With respect to the first characteristic, the air-
to-water temperature range, the Fukutomi article does not
set forth the sea water or ambient air temperatures that
occurred during the course of the field studies. However,
there are certain climatological expectations for Hokkaido,
Japan, the area in which the studies were conducted. The
mean sea water temperature in this location varies from
70°F. to 40°F. from summer to winter. The mean air temper-
ature varies from 70°F to 20°F from summer to winter.g/
These figures differ from the anticipated Midland cooling
pond surface temperature range of from 98.3°F to 70.9°F from
summer to winter i/and from the anticipated Midland site
ambient air temperature range of from 66.2°F to 23.0°F from
summer to winter.§/ It appears, therefore, that the air/water
temperature contras.s experienced during the Hokkaido field

studies were not as great as those expected at the Midland

site. With a sufficiently low ambient air temperature, the

3/ See Bernhard Haurwitz and James M. Austin, Climatology,
plates 1 and 2, (McGraw-Hill Book Company, Inc. 1944)

4/ See the Final Environmental Statement related to the
operation of Midland Plant, Units 1 and 2, Nureg=-0537,
Table 4.2, p. 4-25. The flgures in the text are sea-
sonal averages derived from the Table 4.2 monthly average
cooling pond surface temperatures assuming that Unit 1 is
back end limited and Unit 2 is operating with its "valves
wide open" =-- an operating mode yielding the greatest
heat rejection to the pond.

5/ See Midland Plant, Units 1 and 2, Final Environmental
Report, Table 2.3-7. The figures in the text are sea-
sonal averages derived from the monthly averages given
in Table 2.3-7.
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larger air-to-water temperature contrast at Midland could
produce fog in greater frequency and of greater duration
than at Hokkaido. And, it is also possible that a "thicker"
(more liquid water droplets per unit volume) fog might be
prcduced at Midland because of tie larger air-to-water
temperature contrast.

A significant characteristic in comparing the
effectiveness of trees in removing fog is the ambient air
temperature in which the fog is formed. Generally, at air
temperatures above the freezing point of water, fog water
droplets can be captured by stands of needle-leaved trees
(see the discussion of the Oura findings, below). However,
as the air temperature drops below freezing, the fog water
droplets, while remaining ligquid, become supercooled, and
tend to plate out as rime ice when contacting vertical
objects having sharp edges (see Tr. 12567-12569 for a definition
of rime ice and a description of its formation). All other
things remaining equal, rime ice formation becomes more
likely the further the air temperature drops below freezing.

The formation of rime ice could close up air
spaces between the needles of the fog sweeping evergreens,
thus reducing the effectiveness of the trees in removing
additional fog droplets. Winter air temperatures at the
Midland site drop below 0°F on occasion, whereas this extreme
might not have occurred during the Hokkaido field studies.
Therefore, it is possible that the Hokkaido data reflects a

greater ability of needle-leaved trees to remove fog particles

than would be likely at the Midland site.
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To apply the Fukutomi data to the Midland site,
we must assume that the theoretical capturing coefficient
graph given in the Fukutomi articleé/is applicable to the
forests described in Oura's paper, and that the postulated
Midland tree plantings would sweep the fog in a manner similar
to the Oura forests. If these additional assumptions are
entertained, we can interpolate values for the Midland site
from the Fukutomi capturing coefficient graph, which plots
the liquid water content of fog versus the downwind difference
into the stand of trees. The liquid water content is expressed
as the ratio of the downwind liquid water content to the
upwind liquid water content. All other factors remazining
equal, the liguid water content may be (roughly) correlated
with visibility, since the latter is proporticnal to the
number of water droplets per unit volume of fog.

Oura's article describes the most efficient type
of tree stand for reducing liquid water content as a com-
paratively sparse (0.18 tree/mz) forest of needle-leaved
trees, where the trees are approximately 12 meters tall with
no lower branches. The affidavit of Clemens R. Nefe, filed
concurrently with this affidavit, describes a postulated
planting of White Spruce, Norway Spruce, Austrian Pine and
Red Pine that compares favorably with this "sparse" forest
so long as the planting reaches ard is maintained at the

height and density described by Oura. Unfortunately, this

6/ See p. 101 of the Fukutomi article, appended hereto
as Attachment 1.
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would not likely be the case. Until the planting matures,
the low height and small diameter of thc irees would render
the planting almost useless as a fog depletion device; fog
could easily pass between or over the immature trees with
little or no ligquid water content reduction. And, as is
indicated in Mr. Nefe's affidavit, the trees would not reach
the approximate 40 foot height with touching crowns discussed
by Oura until the end of the Midland plant's operating life.

Moreover, to eventually achieve the comparatively
sparse characteristic of the most effective Oura-described
forest, thinning of the Midland planting would be necessary.
Unfortunately, thinning would produce large gaps through
which fog could pass undepleted. Conversely, a failure to
thin would likely lead to a reduction of fog depletion
efficiency as the stand grew more dense.l/

Fukutomi concludes that the less dense the fog and
the greater the depth of the forest, the more effective the
capturing action of the forest. Thus, a lack of available

space for tree plantings at the Midland site would perhaps

7/ Oura indicates that a forest of properly spaced but
comparatively sparse (0.18 tree/m2) needle-leaved trees
is more effective in captur%ng fog particles than a
thickly wooded (0.71 tree/m“) forest of similar trees.
This appears to be because the sparse forest allows the
fog droplets to fully circulate, making it more likely
that the droplets will be swept out by the needles. A
thicker forest provides more of an obstacle to the fog
droplets, and presents less over-all surface area for
the sweeping action because the fog cannot easily pene-
trate the stand.
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be the most significant factor in determining the effective-
ness of such plantings for fog depletion. If the proper
tree types were planted at Midland, and if the Japanese data
is in fact applicable to the site, a 50-foot deep planting
of approximately 40 foot tall trees spaced 0.18 tree/m?2
spanning the entire southern portion of the cooling pond
might yield a rouchly 10 to 15 percent reduction in the
liquid water content of the fog before it reached Gordonville
Road.g/ Unfortunately, the affidavit of David A. Sommers,
filed concurrently with this affidavit, indicates that,
because of a Midland County Road Commission right-of-way and
easement, a Dow pipeline easement, drainace ditches, a
security fence and the need to keep the slope of the cooling
pond dike free from penetrating root systems, tne available
space for tree plantings at Midland is limited to an average
minimum depth of 8 feet. Even assuming that the trees were
of the proper height and spacing, a planting of this shallow
aepth could not approach the 10 to 15 percent fog depletion
discussed above.

In the affidavit of David A. Sommers, a postulated
maximum tree planting varying from 68 to 109 feet in depth
is discussed. Based on an interpolation of the Fukutomi
capturing coefficient graph, the relative effectiveness of

this postulated planting would vary from 15 t. 25 percent.

8/ This calculation is derived from an interpolation of

a the Fukutomi capturing coefficient grapn yielding down-
wind to upwind liquid water content ratios of 0.85
to 0.90, respectively.
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Again, these percentages assume approximately 40 foot tall

trees spaced 0.18 tree/m?. Shorter trees and/or different

spacing would yield lower percentages.

It has been suggested that a stand of trees could

be planted to act as a fog "barrier", deflecting rather

than capturing fog particles and providing an effect similar
9/

to a fog screening fence.”  Such a barrier might deflect

steam fog generated by the cooling pond upward and away from

Gordonville Road. However, to have such an effect, the plant-

ing would have to consist of a thick (both in depth and close-

ness together) stand of fully mature trees located as ciose

as possible to the side of the road. 1In this location, the

trees could pose a greater driving hazard than fog: ice

accumulating on branches could fail on the road surface, and

motorists running off the roadway would be in danger of hit-

ting a tree. Moreover, because of the Midland County Rocad

Commission right-of-way and easement and the Dow easement

discussed in the affidavit of David A. Sommers, such a road-

side planting is highly unlikely at Midland. Even if it could
be properly positioned, the planting would not fully mature
until near or after the end of the Midland plant's operating
life, and thus would provide little =-- if any -- effectiveness

as a fog barrier for the greater part of the plant's lifetime.

S/ For a discussion of the effectiveness of such a fence
at Commonwealth Edison Company's Dresden Nuclear Power
Station, see Murray and Trettel, Inc., "Report on Steam
Fog Impact Engineering at Dresden Nuclear Power Station",
Sections 4.6 and 7.2, May 26, 1978, Copies of this re-
port were provided to the parties at the close of the
hearing on February 18, 1983. Tr. 12362-12363.



Iv. CONCLUSIONS

Certain types of trees have been found to be ef-
fective in removing liquid water droplets from air, ana the
removal efficiency is directly related to the distance through
the trees that the water-bearing fog travels. If we could
assume that the observations of Fukutomi and Oura are directly
applicable to the Midland site, we could expect a best-case
liquid water content reduction (and hence, visibility improve-
ment) of approximately 10 to 15 percent for a 50-foot deep
planting of approximately 40 foot tall trees spaced 0.18 tree/
m?. A 68 to 109 foot deep planting of trees the same height
and spacing could yield approximately a 15 to 25 percent
ligquid water content reduction. Unfortunately, because it
is not clear that the Japanese data is analogous to the
Midland site, and because only a limited amount of space 1is
probably available for the planting of trees that would, in
any event, not fully mature until the end of the plant's
operating life, fog depletion from a postulated planting at
Midland would most likely be negligible for the better part
of the plant's life expectancy. Moreover, a thick stand of
trees would probably be equally ineffective as a fog barrier.
It is highly unlikely that Consumers Power Company would be
able to plant such trees close enough to the edge of Gordon-
ville Road to be effective, and, in any event, the trees
would simply not be tall enough for a large portion of the

plant's operating life.
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was reduced in the leeward as compared with that in the

windward. Since, however

the width of the forest ranged

only from 100m to 300m and the measurement in the jeeward

wan extended
recourse but to make theoreti
the distribution of fog wate
forest and for an
purpose, we concsived of
of stmospheric layers rest

not farther than 300m, we have had no other
cal inquiries, in order to estimate
r contents for any width of the
y extent in the leeward direction For this
hypothetical models of a forest and
ing on semi-empirical basis, and ex

amined. through solving the fundamental differartial equations.

the diminution of fog water contents

due to the capturing

effect of the forest as well as due to the diffusion to the

upper wsir.

§2. Preliminary Considerations

The problem concermng the
by forests and its influence

prevention of advection fogrs
over the inland Gis once wen

treated theoretically by K. Tokahashi (1], which was hased on

the assumption that the advection fog has i
¢ within the area of the forest »

and the fog water content

vanishingly small at the ground
forest being left out of account),

the forest no dissipation of

He dealt mainly with the chang
to the turbulent diffusion of the fog
the leas of interest because it is primitive, nin

work in this fleld

Actuslly the condition ¢
except At the rear part of a very wide and thick forest, A
1 in which the observed fog water
nce = from the windward

will be seen later in Fig

content ¢ is plotted againat the dista
edge of the foreat with referance to the value of ¢ at the

edge (¢.)

og takes place so that ;

On July 1, 1950, from 16" to 17" 30™,

nfinite thicknes

surface (the height of the
while on the ground hehind
dz

e of ¢ behind the forest due
His treatmant s none
co it is & plonear

0 in the forest is not ful Sled

when the weather was
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fine and the wind velocity was 2.~3 m/sec, the vertical distri-
butions of temperature were measured by the use of Ammann't
hygrometer just in front of, within, #nd just behind the forest,
whose aversge height was about 8m. Seme of the results,
which were confirmed by several repeated obseivations, are
shown in Fig. 1 It will be seen from the figure that the
temperature diminishes considerably from the ground surface
up to the height of about im and takes approximately constant
values from there up to 12m, then to decrease sgain with the
increasing height. Thus it seems that in the forest zone theare
oxist three more or less distinet atmospheric layers, of which
the lowest one undergoes little turbulent disturbances owing
to the resistance of thick shrube and grasses: the intermedinaia
layer (including the upper portion of trees and severa. meters
ahove the tree crownsj,
where the uniform tempera
ture prevails, is the seat of
violent turbulence induced
by branches or ups and downs
of tree-tops; finally the up n”
permost layer keeps its orig
inal less turbulent condition, s
heing unaffected by the exis-
tence of the forest. e
The investigations on
turbulence were carried out
at the same time hy other
research members. Accord-
ing to their resuits. the ver
tical component of turbu-
lence in the neighborhood of

"

Wi ot § o fore)

P e

the forest was predominant- L
Iy of the frequency 04~05 O r 3 ™
eyele, the wind velocity in Fig. 1. Vertieal distribution of

front of the forest being 2, temperature
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! and i4 m, respectively

and further it was observed (i) that at the height of 1 m the
intensity of turbulence was remarkably reduced in and hehind
the forest as compared with that in front of the forest, (1)
that at the height of fm the turbulence behind the forest
was of the same order of magnitude as iv the front, while
within the forest it was markedly reduced, and (iii) that at
the height of 14 m (higher than the trees) * WwWas enhanced
considerably in as well s hehind the forest Although the
where thess ohservations were made, were different
ntioned measurement of tam
two entirely

2 and Hm/sec at the height of Im, Bm,

apota

from those whera the ahove-me
the results ohtained from

per

ature was performed,
different sorts of measurement seem to he in
each other at least qualitatively

In the intermediate layer nee the wind velocity I8 35
m/sec, tha size of turbulence of 0.4~0.5 cyclo hecomen i~
13 m. and, taking the result
hashs (2] for granted, the eddy
of the order 10'cm /sec K. Takahashi |3}, on the other hand
ohtained K of the order 10 'em ar the wind with the
velocity of about 10 m/sec from the
of cloud at the height of HHm ahove tne ground
of these fligures, we assnmed in the following dircussions
that the turbulence in the intermedinte

harmeny with

f the investigation by Y. Take
diffusivity K comes out to he

srvation of the diffusion
On tha hase

yust

for mimplicity's sake,
layer is considerably more intense than that in the upper layer
and consequently there istribution
and fog water content

here brief discussions ahout

prevails uniform vertical d

of temperature
It seems worth while to give

the question how the fog particles are carried hy the air turh

Consider the air eurrent simp
a conveyed with wind veloeity while
of the

lence lv as conmsting of small
air mansea, each of which
it makes in a vertical direction a sinuseidal vibration
sama amplitude with the same phase The vertical veloeity
component 18 then given by

u w.ninpt

Changes of Liguid Water Contanta of Intruding Rationary Sea Foge LE]

2
(T: period). If a fog particle of radius r, nai~h is s0 lm:ll
tf\lt the falling effect due to gravity csn be ignored, is floa-
tirg in the small air mass and moving in a vertical ;liroctmn
with such a velocity v that Stokes’ law remains valid, the~ the
equation of motion can be expressed as g

where w, is the maximum value of w, ¢ the and »

dv
s " {(u—v), (2)
in which ¢ = 7 .- 6x 4
ch ¢ "7 By, m 3 wNp—a), p - viscomity of air, p

dennity of water, and » - densi
: ‘ ensity of air. He
proximately the reiation R

O . 0778 x 10 .
2r'p ’ #sec {(3)
From (1) and (2) the vertic

2 al velocity v and the i i
placement y can be derived, thus o

cond -conipt-2), (4)
v “‘rm.! sini(pt - &)
P 4 const (6)

w N
o nsee therefore that, while the amplitude of sir mass in

S

vertical direction ia Y, (from (1)). the amplitude of the

fog particle hecomes y, cosd, so that the ratio of these

amplitudes in

cos A
Y. (6)
r
~/ 1 0( = )
where :
» dnpr’ . T
r 9T 8.08x 10 7 (7

N
ow, if we put the frequency of turbulence 0.4 cycle, that
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( 6~ 10" em), we obtain
in T=2hsec, and - 10" "em (or b |

Py eglected against unity
0003 (or D081, aothn‘( > ) ean be neg

while if T becomes much amaller and takes, for instance, the

or ‘em P _om
» orr—-10"em and |

value 0.26 sec, we got ° 0030 c :

R 10°em, that is to say, the fog parhch'n of radis
y !

=g can still

10 which appear predominantly in actual cases, ;
arti

follow the turhulent motion of air mass, whereas the | apem

cannot any more exactly move along wi

cles

of radius K0 »
. ? ).78
turbulence (n/Y¥ ( F
In the following theoretical discussions on the .ham'n! n'(
r o
liquid water contents caused by the eapturing effect of a fore

em r
various factors such as distribution of air temperature, t pe

(rn\lnd evaporation, iree fall of fox particion due
1 3
and the like will be taken into conmideration, 80

ature of the

to gravity,
far as it goes, and what will be proved only insignificant

be eliminated then and there from the discussions
§3. Assumption Pertaining to the Forest -lnd l/\lmcnphcn(
Layvers: Introduction of Fundamental Equations

r y "
The assumed model of a foreat and atmospheric layers

Nustrated in Fig. 2. ab in the ground where a forest (height
ilh

)
e —

" |

1 |
e ———

Fig. 2. Model of a forest and atmospherle lnyrr. awymed
i the theary (vertical section perpendicular th the
border lina of the forest)

Changes of Ligwid Wai

Comtents of |1 truding Rationary Sea Foge ”

D, width L, lenxth wo) exists, ita front and rear space
being an open ares lLet raxis be taken in the vertical di
rection upwirde, and z avis perpendicular to the length of
forest zone and directed bakwards. Supposing that the phe
nomena to he considered are indepencent of y. wa now con
ceive an arbitrary number of vertieas planes with apacing |
perpendicular to r-axis, and direct our attention to the space
intervening between two successive . anes. (I may be taken
equal to [, so long as the wid h of the forest is not too large :
similarly, I may be put equal to the width of an open area
if it is not very inrge.) We then conceive & horizontal plane
ed in each space under consideration at the height of =4+ D
(> D) above the ground, dividing the atmoaphere into upper
and lower parts. lLet the lower part of thickness s be called
‘Layer I', the lowest layer adjacent to the ground of thickness
D), where there exists no turbulence being excluded from con-
tideration. (Obviously the thickness 1, must be thicker within
the foreet than in the open area.) The upper part above cd-
plane, which is considered to have thickness A, will be denoted
by “Layer 11"

The foggy wind saturated with water vapor is assumed
to he blowing in z-direction. In Layer Il let the temperature
ot (x.2) bo T and let the fog water content in unit volume
the saturated -apor density, and the total water content each
at (x,2), be denoted by ¢, w and Q. respectively, so that ¢
w4yg, and further let both the wind velocity [/ and the eddy
diffusivity K be regarded as constant. In Layer |. the mean
wind velocity V is assumed constant within each apace of width
[ separated by vertical planes and the temperature A, the fog
water content ¢, saturated vapor donsity W, and therefore
the total water content Q(- Waig) are considered as inde-
pendent of z owing to the violent turbulence induced by the
branches and leaves or hy the ups and downe of the tree-tops
of the forest

As regards the influence of solar radiation, it plays the
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ceedingly amall compared to :‘q

The falling velocity of fog
particle v in determined by Stoker’ lnw
2r'g

9

v 1.26 < 10" - v em/nee, (9)
r being the viscomity coefficient of air
Next we consider the case of Layer |

change of total water contained in the volum
area and height » (

by the squation

Q - . . , i
S h(.l )l-.ov(gb,.. Ve = Vapg —v¢ (10

The time rate ot

o with unit basal
thickness of Layer I) may he expressed

in which I\'( V’) + Mgl .. means the quantity of
e L.

ting into Layer [ from

fall, —va ™

T

water get

Layer Il owing to diffusion and free

the increase of ater contents conveyed by the

wind, and Vepg the quantity of water,
carried by wind in unit time (Vag)
during its course of unit distance

coeflicient per unit

of which the fog water
in deprived by the forest
P is namely the capturing

volume of space. which depends on the
configuration of the foreat the mean wind + slocity, the intensity

of turbulonce, and so forth Even in the open area, since it
in usually covared with shruha and grasses. p is not to he ¢~
sidered vanishingly small, though mueh smaller than in the
foreat. The last term ré in the ahove equation represents the
Amount of lows of fng water caused hy the free

d)acent to the ground, where there axis
Now that (g¢), .. ¢. Eq. (10) reduces to

),(,) f(‘g) ";‘: Vrg (1)

fall to the lowest
ts no turbulence

Inyer a

(2) Equations for Temperature

The total heat content in unit volume of Layer [l is ev:
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the result which justifies the above-mentioned approximation

Now, considering the time rate of change of the heat con-

tent in unit volume, we ohtain the following differential equa-
tion for temperature in Layver 1! (ef. Fa. (R):
- AT e aT Um ar A W Te)

*. (16)
of Az ax 7

In order to make further approximation, let us rewrite the
firat and third terms on the right-hand side of Fq. (16) as
Em 3T 4 pe, ?Te) Ixm 3T, v Ty
Az 2 a | Az |
The ratio of the two terms in parentheses comes out to he
ahout 1:1/22, when we adopt the values: K- 2 x 10°, m - 674,
‘,T 10°°, radius of the fog particle- 10 P
T
.~L T=10°C. ¢~05 g/m". It becomen still amaller in actual
cases where ¢< 05 g/m". Thus the Eq. (16) reduces to
aT K AT v

at Az T

126 em/sec,

(17)

Similarly we obtain, for the time rate of change of the heat
energy contained in the volume ax1x1 in Laver 1, the dif-
ferential equation

o Km()r\\ t e (T-9)..  Vem R kT,.- RN,

v \az/ _, w

in which the first and second of the right-hand membera re
present the increase of heat content brought about hy diTusion
and by free fall of fog particles, respectively, the third member
stands for the decreans of heat due to wind flow, the fourth
the heat loss reaulting from the free fall of fog particles to
the underrioat layer adjacent to the ground (characi
the absence of turbulence),

erized by
and the fifth corresponds to the
hoat zain from the undermont Iayer or from the trees (T.:
mean temperature of the ground and trees: k-
heat tranefor). Since (T 3
duecs to

coefiicient of
hen “ 8 -4, the above equation re-
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(1) Summary of Equations

s {rom the ahove dis
equations

goew (tﬂt'vT,
- 9
b Ny e .‘; \ for Layer 11 (mm
- =
o 7
7T K ’T U aT ;
~ ar w
Q-9+ W grarhi, \ g
. X ‘
oy K(‘q) ".‘3 el | for Layer 1. |
38 / yur
" ‘ "
» C (T l'w 4 k T. - N).
{ " (lr ) 3 MM ' X
' 2 s hecor
; stationary state thess equation
In the case Ol |
g o+ Cbﬂ"’-‘r \ . ; k)
- o for Laver 11! -
¥ Az 2
aT n g
ar 3’ :
(¥ e+ W drashh, \(' K.) f‘)
y v ali'm
p I( : ) S \ . for Laver 1. (22)
dx 3/ ‘
aT iT.
d9 + I8 7( ) 3 AT l
dz \ 3¢ /..
ry Case

or Stationa

quired qua
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within the error
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it less than 10
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: we replace ¢ and Q by ¢
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and ¢ by making use of (21) ard (22). obtaining

aT ¢ 3’7.' ! )
a B4
W 9 () s, (24)
dx e
W ot ?Y re " (25)
x a’ Az
Ay 3

+ 2 M(T.—") (2%)
dx » ( ® ),_.

For Layer Il we give the boundary condition

e, o0 ot ovd. (27)
a

It is & well-known fact that the invasion of sea fog in always
accompanied by the presence of temperature inversion up to
the height of several hundred meters above the ground. and
that in most cases the top of the fog lies a little helow the
top of the inversion layer. Moreover it is reanonahle to con
sider that in the inversion layer the water vapor is in a satu-
rated atate when the fog in sufficiently dense

Hence, if we take the top of the inversion layer as the upper
boundary z--h, the condition (27) turns out to be a natural
consequence. In practice however, as will be seen later, it
matters little how to assume the condition at 2 A, unless the
thickness of fog is unduely small and #o0 long a8 we take no
account of the phenomena at conniderable values or r or in
uppermost regions of fog.

As the initial conditions at = -0 i.e. at the immediate
front of the foreat, we assume that the temperature and the
fog water content of the invading air mass are

T..o = f(2),

Now the solution of Eq. (23) that satisfles the condition
(Z7) is given hy

o+ 104 (28)




- T Fukwtomd

T .‘.—_ A (tan p A sinpzéconpzie ' 4 C 29
80 that
R
()T) T Age, tan phoe 000 (an

3z
Therefore we can solve Fq. (24) through substitution of (31).
ohtaining
’ o . .
A tan g, PR T T

P +TovCa*r, (X2
b

' A  ® p,
Since Fq. (32) should coincide with Faq. (30), it is required that
3 5 X 0
and
o tam g b4 r. 3 (31
Thus we get the distributions of t~mperature in Layer Il and
Layer |

o 4T, K2

T X A tan ph-sin gz ) comp e

~ L Ap-"*" 4 T, (%
in which ;.= are given hy the infinita number of roota of Fo
(2%, and the values of A, can he ohtained as follows : If we put
Yelpa? tan ph-8in g2 | cOM 2, (36
wo geo from (34) and (28
£(2) T =3 Agyelpnt), (37)

#o that, multiplying hoth siden of this equation by y, (s..2) and

integrating with reapect to 2z from 0 to b, there reauits
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which, by the use of the relations

- P
| yoy.de for ixm,
o r

and

“ yx.dz ; (h +htan’ b 4 """'h) for i —m,

1

ean be transformed into

2 2[ " :f(ﬂ' T.}."_."f‘u) T_z e (r ) du

. (18)
2 ', thvhtan'h s tan qh
"

It in to be noticed that the values

: . of A, are negative, since
(2) T.<0

The particular solution of (25) which satisflea the condition

(27) in

- 3
q }‘ B, tan(3h a\sinfiz 4 rm),.'! 0" . g 0 0 0% 0%

s D tan (A 4 n)nina zheomdzle *. poritete ()
where
4
" s tan a, - ]
. A
(4n)
a, vV o, o, tan -, »
A

Subatituting (8 -T.) given by Fq. (35) into Eq. (26)

we get, on
the other hand.

i ¢ +pé 7(“») oh-};“A/"""'. (26)

dr 32
of which the first right-hand member can he ohtained from
(M), thus yialding

TTEEERT e L e

.

=

T Ep—
I B o Y N~ P v ——— -~
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de
dz

ety

‘e r}:‘yﬂ,:,d,tlm‘?,hoa,} ole
+ :-_ MAATD, (A tan(3h v p) - af feorte

The particular solution of this equation in

7:'1?, Ltan(3k +a) L PRI
-~ p- (A ha)

ih)A, V1D 0 tan(ah 4 v,) - a)

P

P
+

which is to he coincident with

biA
r{d, tan(ah 4 r, w)

Substitution of (45) into (29) and (43 given therefore

- acl . 8,000
LB tan(3h +a,) min 3,z 1 con 20 "
tan(ih 4y )min 22 + cond,z

+his: A, 3
oot (r ) TR tanidh 4 5, »)

/‘/ setete
ifdtan(dh i) o)
47

which represent the distributions of fog water contents in Laver

$ - XRe

¢ l“lr '-“v

It and Layer I, reapectively. Here /s ara obtained as the ronts
of Fq. (44) and 2'a ean be ealevlated Just in the same way
An in the ease of A's, by the following procedure
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Put

M) ~ b }:‘A, tan (AA 4 9,)8in A2 + com Az

.
= Ap =) Hatan(dA v n,) o)

and
Y. (A.2) - tan (Ah+ a)oinfz 4 cosji,z, (49)

then, from the condition (28),
}:‘ RY,(A.2) Ir‘(:n M(z)je*, (50)

Multiplying both sides of this equation by ¥ (A.2) and in
tegrating with respect to z from 0 to A, we get

LA A [[1F@- M@)e v 0d:

Rut, since

["v.¥e

for

‘..}'.Y.Jr ; :h” M) ”“)' "\‘")‘ ") !

J

A1 a) J
(v = tan(AA 4 a,)

we find

’ ! .
2 ; :I"(lh ‘lv(l): ’ [ 1 F(y) ﬁ'lu)!f" Y A, dy
- . # (ufd, &) (7
2( )Ah’ltu'lo N, a4, we)
I AR +2)

(Rl
Now let us inveatigate to what extent the capturing eTect
of the forest and the falling effect of fog particles contribute
(o the total diminution of fog water contenta
Since the amount of fog water n captured hy the forest

of width L in unit time is
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’ : Vep [J. B, | s e |
n Vop | gdz = U [':__‘;_'_,1 . |

o
" |
& Ay (] @208 l (e )
+ Y v I (h2)
S pllp ) -T{Atan(ak 4 5,) -a))

while the total amount of fog water N intruding across the
plane z-0 is

N = varo+ U Feayae,

the decreasing ratio R at - L due to the capturing eflect

hecomes
» "
- Al g #etry |
- o v . ‘
};1"0 n'1 e '.M,L:.' p & pl) — p{daantdh 4 0, — o)
-
' N
Fm | PR
cFm 't 4 e ' , : f
(h1)

The loas of fog water in the foreat zone caused hy the '
falling effect in unit time is, on the other hand, !
: 1

([’ ™m e 1
ol x (h& ?
] " \- ¢ Ver

M
and accordingly the decrearing ratio J at x - I, due to the M1
ing effect is given by

J y S (hR)

i N Vap
If we assume the values » 1. 26em/nec (correaponding to r
10,), V- 42m/sec, and p 0005 (see the next section) the

ratio J/R comes ont to be 0.080: in other words, the ecaptur
. "o ']
ing effect plays a much greater part in reducing the amoun

|

of fog water than the falling ofTect (more than ten times

great). The resaltant diminishing ratio in avidently given h

GoRad (1 \"m)n
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§5. Application of the Formulas to a Speciai Cuse

If the size of fog particlos be assumed sufficiently small,
the falling effect becomes negligibly small, so that e and there
fore # may be put erual to zero in the formulas obtained in
the preceding section Suppose further that the temperature
s constant throughout the foggy atmosphere. a sunposition
which is not far from the truth in the case where it is windy
beyond a certain measure and whers the observational d. '3 to
be dealt with are those obtained within the limited region of
several hundred meters including a forest two or three hundred
meoters in width. Now that we can put A, =0 besides » -0,
the formulas simplify to

v 3 B, (tan gA 8in 3.z 4 cos fz)e i (58)
@ }-_ Re ' 159)
where
2 ‘( " )I~‘«ny ) . Fi2)y(z,.2) rl."
. I\ > j
R, 4 on (H0)
2( )ohdotnn},hn e
! A
and
Actan gk 4 . A r (61
r 7

The amount of fog Water captured by the foreat a8 A whole
In unit time hecomen

n - = . (l . .-.‘-.‘. ‘.j:‘;

and the decreasing ratio of fog water at »
capturing effect is given by

I. due to the

E

R : j ‘| U 1 (A1)
AU F(2)ds)
Floy v » ), f

e e —

fA ==

- —
- it

N ———
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It is to be noted that if, in addition, the condition F(2) .
constant can be taken for granted, the expression (60) reduces to

B, (37;;)/:,,,,‘ .M(.zi ,z,)'1‘l(. « l‘ ).
(R4)

£6. Examples

Since the application of the gereral formulas derived in
t4 to the actual cases is impossible owing to the lack of exact
know'edge as to several quantities such as the diffusion con
atants or the vertical distribution of fog water contents in the
upper atmoaphere, we must at the present stage content our
selves with considering the case of rough approximation stated
in the preceding mection The general feature ¢ the phe
nomenon might, however, he inferred from such simplified
caleulations,

The adopted numerical values of the constents are as fol
lowsa: # T.om, V 42m/sec in the forest area; o 121 m, ¥
26 m/ane hehind tha foreat: K 22« 10'em’/see (not quite sure
but provisionally assumed), U 40m/s, « - K/U-0050m, a
Valll 181m: h-106m; F(z) ¢. 1 (the absolute value of fog
water content is not needed)

(1) Estimation of fog-capturing coefficient of the forest.

First. in order to estimate the order of magnitude of the
mean capturing coeflicient per unit volume in Layer |, we
solved Eq. (26) without taking account of the fog water coming
from Layver Il by dint of diffusion, obtaining

¢ &KarT, (66)

where p simply indicates a roughly estimated value of p. Ry
reference to the ohaerved relative fog water contents shnawn
in Fig. 2. it was then noted that the value of p ranged ronghly
from 0.002 to 0.009. Now, taking the difusion from Layer Il
intc consideration, the value of p was adjusted so as to fit in

Changes of Liguid Water Contants of Intruding Rationary Sen Foge
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Fig. 3. Relation betwesn the ratin of fog water oomtent in
the romr to that in front of the forest and ita breadth

with the observational results and was found to he 0.005. Con-
verting p into the capturing coeflicient p. per unit effective
volume of the forest, we finally get

. /', p - 0.011/m’.
) D,

(2) Variation of fog water contents in Laver | in the

forest rone.

The sbove-ohtained value of p(0.005) being inserted in (61)
and (64), the calculation of the summation (59) was earried ont,
of which the first twenty terms were taken into aceount. The
result is shown in Fig. 3 by the solid eurve, and also in Fig
4 where the width of the foreat is taken equal to 1.000 m

(1) Varistion of fog water contents in Laver 11 In the

forest rone,

The resuita obtained by the use of the formula (58) sre
illostrated in Fig. 5, in which the equi-fog-water-content curves
for the values 0.9, 0.76, 0.60 and 0.25 are given, the fog water
conteni of the intruding fog being taken as umity, If we




100 T Fukutomi

ot

wi

\ —

° = ahe e ae T3
Pig. 4. Variation of fog water content in Layer |
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Fig. 5. Distribution of fox waler content in lLayer 11

regard the portion underlying and bordered by 0.9%-curve as

the region affected by tha inluence of the eapturing action

of the forest, it will he ssen that the thickness of the affacted

region is only about 3m ahove the top plane of Layer | at
£~ 200m and not more than 10 or 11 m even at = 1.000 m

(4) Variation of fog water contents in Layer 1" and Leyer

11" behind the forest,
Here it was assumed that the width of the forest ia 207 m
and the eapturing efliciency p I8 zere in the open area hehind
the forest, and further that the vertical distribution of fox

e —————

— ——— —————

hanges o [ équid Water Contants of Intruding Stationary Sen Foge ros

water contenta just at the back of the forest is given by ¢
and ¢(2) obtainad in the preceding paragraph for =~ 200 m,
The results are shown in Figs. 6 and 7. It is a natural con-
sequence that the ¢-values increass graduslly with increasing
z behind the forest, since by virtue of turbulent diffusion fog
intrudes from the upper layer into the apen space where » -0
to make up for the loss caused by the forest. The black spots
in Fig. 6 indicate the actual values of relative fog water con-
tents at 1~3m above the ground observed during the field
investigation in 1960. Although the number of observations

Fig. 6. Distritmtion of fog water eontent in the rear of the foremt
Hayer 1) (An smample for the forost 200 m in bresdth

14 1 A o—— T e —————
| | | | |

074 A4 W e A

—
R |
P~ | o

- aw -—

Fig. 7. Distribmtion of fogr water content in the rear of the forest
Layer 11)  (An example for the forest 200 m in breadth )
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it is very probable

A fusion,
is too fav to draw any definite conch wom

that hetter results would have heen obtained if ﬂmta;‘ —
amall, value of p were assumed for the open area hehin :
which is actually covered with shrubs and grasses A

over The distribution of

fog water contents in Layer
i1’ shown in Fig. 7 seems to
indicate that here the in
Auence of the forest s much
more wide-apread than over
the focest, but actually, when
viewed in large relationa, the
region under noticeabhle in
fluence is restricted to the
undermost narrow space in

foreat,

layer IV

Fig. 8. Relation betwaen the decreasink (55 Total Jiminution of fog
ratio of fog weter contrnt due water due to the captur
o the eapturing .-I:m n: 1';' P offect.
forest and the beondth o - ;
foreat for varium fog inyers of Fig. B shows the total re
different thick Iative decrease of fog water

contents It ealculated from Faq. (67) as a function of the 'vidth
{ the forest [ it is seen from the figure that the amaller
0 ’

the thickness of the fog and the larger the width of the forest
the more effective becomes the eapturing action of the forest
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A Theoretical Study on the Distribution
of Fog Demity in a Forest

Ay Zyungo YOSIDA

On the sssumption that the vertical motion of & fog particle reused by turbe-
lenea of air in the forest in the mame an the socalind onedimensional “rmndom
walk ", tha vertical distribution of fog particles in the foreat in dedured thearetionlly,
with the resuit that fog density diminishes sxponentmily downwards

1. When fog is flowing over a forest carried hy wind, some
of the fog particles leave the prevailing wind and enter the
forest at its top., They are transported downwards by the
turbulent motions of air into the forest and on thair ways
pome of them are caught by the leaves of trees. In this way
there appears a distribution of fog density in the forest such
that the density diminishes gradually in the downward diree
tion. The purpose of this paper ia to deduce theoretically the
demnity distribution in an idealized forest - infinitely wide and
uniform- when the wind is supposed to continue flowing with
an invariable velocity, fog carried by it being kept at a con-
rtant density

2. We replace the forest hy a layer of imaginary porous suh
stance which filla uniformly the whole apace between the ground
surface and a horizontal plane lying at the same height as
that of the forest, The porous substance imagined here i
ropresented hy an assemblage of leaves distributed in space
with the same density as the mean density of leaves in the
actual forest

Fig. | represents a vertical section of the forest cut paralle!
to the direction of wind blowing from left to right Our
problem is to determine the fog deneity at a point in the
foreat like the one indicated by PP in Fig. 1. Let the vertical

.. w . i : i . .
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It might be worth noticing that, if there were no fluctua
tion in the effective mean radius of fog particles (r), & single
measurement either with A or with B would be sufficient for
the determination of fog water contents As will be seen [rom
the following considerations, however, the fluctuation of r can
not be ignored in actual cases, a0 that neither A nor B can
be dispensad with

On the assumption that r has & constant value (r, H6
which is the mean of the r-values given in Table 2) for dif
ferent fogs, the values ¢, and ¢, are calculated provisonally
by substitution of f, and f, in (3) and (4). respectively I'he
results are indicated in Table 3, in which the corresponding
values of r and ¢ that were obtained in our actual experiment
are also given for comparison. It can be seen from the Table
that the deviation of ¢, and ¢ . from ¢ is considerable, and
the larger the difference between r and r_. the larger 18 the
devistion. We thus arrive at the conclusion that in the present
typs of fog meter it 8 inevitable to use two fog collectore
having different capturing coeflicients, which involves the sumul
taneous measurement of the effective radius of fox particles
{The mean capturing coeflicients of A and H are found to be

02 d 080, respectively, from the data given in Table 2 and

the formulas (1) and (2

Tawme 3. ¢, and g, Caleulatsd on the Awumption

that v 8.6, Compared with ¢

No in Tams 2 ) ) ‘ B ) ’ " .
r AC 16v AT AT 6% ¢4 N6 1B 3
v (mg/m®") 1 an vl 184 In4 1 s I
r i LR
v lmg'om™ 74 "7 e 160 1 113 PO 4
v » img/m’ 1y 2 @7 |8 v 104 Ay 120
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On the Capture of Fog Particles by a Forest (1

By Hirobumi Oura

T™he amounis of fog waler ontering and kaving the forest in & horizontal
dureclion were messured by Uw use of vertical wire scroens st in front of and
in Uw rear of e forest, respoctivaly, wiule Uatl carried into the forest In a
downward direction was delermuned Ly making use of & horsonial screen set
sbove the tree crowns which was filled with & mesguile curtain bung from ite
{ rame

Mree kinds of forests were compared with one another in respect of the capa
Wity of capturing foy partcien  The most effective forset was found o be the
one grown compmratively cparsely with needie irnved Lrees having no lower branches
Me forest nest 10 s was thickly grown with needie loaved trees with dense
wer branchon, and the lnat one was Ust which consmtled of needie leaved trees
mised with bromd leaved and whose densily was nlermediate Delween Uoese of
Uw other two

It was further sacertained Uwt the front surface of the forest was sbout theee
Ui a8 eifoctive s Lhe Lop surface

t1. Introduction

The capture of fog particles by the forest near the coast
performs an important function in protecting the land against
the invasion of sea fogs

It has been pointed out by many observers that the amount
of fog water caught by the forest is not at all negligible
Marlah (1] noted that the forest on the summit of T'able Maotain
near Cape Toum grew luxuriantly without any rain but solely
with fog, and using his mmstrument “Nebelfunger” (a rain gauge
with & bundle of grasses which was enclosed with metal gauze
and so arranged that the fog deposited on it would run into
the gauge) he ascertained that the forest arrested a number
of fog particles even when none was collected on the ground
Linke [2] called attention to the fact that a rain gauge put
for one year in the forest of Picen at Frankfurt on Main in
dicated the amount of water about twice as much as in the
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