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Methods ofs approach and the scope of the present work

One of the characteristics of the atmospheric turbulence is the participation
of stability of the air layer in the phenomena, and at the same time it makes
the problem more difficult. The effect of stability may be considered by the
three methods as follows :

(1) theoretically

Rossby and Montgomery®®, and recently Lettau? and Kawahara®’ adopted

this method. If the theory is sound, this will give the most reliable results. But
- at the present stage the theory seems to contain some ambiguities or defects. We
shall discuss later some of the equations.

(2) empirically

(a) from the profile of mean wind velocity

Wind velocity is easy to measure and many obeservations have been
made. If the profile is known we can obtain the stability dependence of eddy
viecosity, mixing length, etc., using widely accepted relations between them.

(b) from the irregular or turbulent component of wind velocity

Eddy viscosity and mixing length, etc., will be obtained also from the
turbulent component of wind velocity. Ertel’s® formula is well-known, but it
has not been utilized to obtain the stability dependence of the eddy viscosity.
Lettau®*.2.2 ysed ‘‘kinetische Austauschformel’’ to obtain austausch-coefficient
from his free balloon measurements and got some conclusions about the degree
of turbulence near the cloud. Recently Frankenberger? succeeded to obtain
a relation between the eddy viscosity and stability though his results showed
some scattering. This method seems to be interesting but rather difficult, and

only a few measurements have been made.
The scope of the present work

As the theories are not sound at present we will adopt the empirical methods.
In the first part of this paper concerning the profile of mean wind velocity, we
will review studies on wind velocity profile hitherto done by many investigators
(the author inclusive) and give the most reliable one now obtained, because the
primary importance in this method is to get the most exact profile possible,
and then consider the stability dependence of eddy viscosity, mixing length, etc.

In the second part of this paper regarding the turbulent component of wind
velocity the author will describe his own observations, as only a few experiments
in this field have been made. Though his observations do not necessarily give
satisfactory results concerning the stability dependence, yet they seem to be
interesting in some respects. '
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PART | Mean wind velocity

§1. Wind velocity profile.

The development of research on wind velocity can be conveniently considered
dividing into two stages; namely, the former, prewar and war period, in which
the question of whether the profile should be represented by the logarithmic or
the exponential law constitued the main problem; and the latter, postwar period,
in which the existence of deviation from the logarithmic law was recognized
with certainty.

(1) Logarithmic law and exponential law
(a) Hellmann’s!¥>13),19,15),10) measurement

One of the most detailed study of wind in the lower atmosphere was due to

Hellmann, who expressed results up to the height of 258 m. either by logarithmic

formula
u=aln(z+c)+b ..........................(1)
or by exponential

1
U=QZ7 | e (2)

where # denotes the wind veﬁlocity at the height z, and a, b, ¢ and » are constants.
He observed that both of them represent the results fairly well, but, above
all, .the exponential profile with
n=>5 for z>16 m. -
n=4 for z< 2m.

was best. //;:/

(b) Heywood’s'® measurement

- .
The dependence of wind velocity on stability Ti P e

was made clear for the first time by Heywood.
Fig. 1 Difference in wind velocity
between 95 m. and 13 m. in relation

heights z=95m. and z=13 m. with simultaneous to difference in temperature bet-
: ween 87 m. and 13 m.

From measurements of wind velocity at two

temperature measurements, he observed that at

constant #ys, #9s—u13 increased from negative to
positive values of Ts7-—T13, and at constant Ts;—
T3, uas—u1; increased with #y; where T denotes
temperature. Fig. 1 and 2 show his results. In
fig. 2 he draws curves after Taylor’s®> theorati- s
cal conclusion. But Taylor’s theory was based
upon assumptions of finite surface wind and

constant eddy viscosity, both of “which are

recognized to be not the case in the lowest A
layers of the atmosphere. Fig. 2. Difference in wind velocity
(¢) Prandtl’s®® research between 95 m. and 13 m. in relation

) . to wind velocity at 95 m. for fixed
Prandtl applied results of aerodynamics to values of temperature gradient.
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the lowest atmosphere. The definition of chearing stress ¢ is

A 0u
t=A 0z e (3D

where A is austausch-coefficient. He improved this expression and deduced

r:plz(aaz )2, e (D

in which only the geometric quantity / (mixing length) is contained except air
density p. The results of aerodynamics showed that in the absence of
stability / was proportional to z and the proportionality factor was equal to
0.4, so (4) becomes

dz

If = is assumed to be constant with z in the lowest atmosphere, e. g. lowest

du _ 25 /¢
_,_.Z,Jﬁ..“”.”“”.“”.”””.45>

50 or 100 m., (5) is easily integrated and gives
w=25/%In%, ... ... ... .............(6)
p %
where z, is an integration constant which adjust itself that at the surface of the
roughness # equals to the actual velocity. z, is considered to be in a definite
relation to the height of the roughness % and in the aerodynamics it was found
that

z)= 3}6 , ()
where &2 means the diameter of a grain of sand adhered to the wall. Instead
of 30, smaller values are found in the atmosphere after that, e. g. 7.35 (Paeschke?®)
and 2 (Shiotani and Yamamoto®®, and Takeda').

Prandtl further made some discussions about the non-adiabatic atmosphere,
but without a remarkable conclusion.

The significance of the Prandtl’s analysis seems to lie in the fact that in
the adiabatic atmosphere the wind profile is shown to be represented by the
logarithmic law, and since then the exponential law has been used only in cases
where theoretical treatments become especially simple.

(@) Best’s? measurement

One of the most detailed measurements of wind and temperature in the
lowest atmosphere was done by Best. The stability depependence U(z) (wind
velocity at height z expressed as percentages of the simultaneous velocity at

1m.) was given by him as follows:

Table 1.

2.Scm.‘ 5 cm. } 10 cm. ‘ 25 cm. ‘ 50 cm. | 100cm.| 200cm. 506cm.

|

|
—3° F./m. } 2. 66.7| 8.0 90.3| 100 |107.1, —

1

|

2.9 52.0
Temperature [ 7., 3.4 49.0 63.0 | 79.2 90.3 | 100 | 111.7 | 122.5
Gradient
+1° F/m. | 33.9 | 47.8 60.0 77.1 89.5| 100 | 114,3 —
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He observed that in the adiabatic atmosphere U(z) is in the linear relation
with log(z—1). In the non-adiabatic atmosphere he could not work with logarith-
mic law, but adopting exponential law (2) he obtained stability dependence of
#n as is shown in table 2 for the height interval from 25cm. to 2m.

Table 2. Variation of index in exponential law with temperature gradient

Temperature Gradient Index Simultaneous Conditions
—3.0°F./m. 7.15 | Layer 25cm. to 2m.
Zero ' 5.87 ! Velocity at 1 m. between 1.5 m./sec.
41.0°F./m. | 5.27 | and 4.0m./sec.

From the table it is seen that the index # decreases as the air layer becomes
stable.

(e) Rossby and Montgomery’s®*® theory
The first theoretical treatment of the stability dependence of turbulence in

the lowest atmosphere was attempted by Rossby and Montgomery. They started
from two assumptions :

(1) an energy equation

lg(azf‘l( )+ g g”h (8D

where 6 represents the potential temperature and g the acceleration of gravity
and suffix s is applied to denote quantities in the stratified atmosphere, and ¢
is a proportionality factor (40 according to Rossby and Montgomery) which has
been called Rossby’s constant subsequently,

() constancy of shearing stress with stability

I _ Ou ou
Vi (az ) =LK, ()
and deduced
ou _ Vs 1 4‘)‘2(Z+Z )2
6z E(z+z) 2 2\/1+-—?>2°~, c.(10)
(%
where
vy.=frictional velocity=~/7, e (ID
o
and
:_ 08 00 2
r 0 oz° e (32)
Integration of (10) gives '
_ Vs [, 2+F20 1y 7., Ple+1D) 3
u= " ll" 2 2 (p—1)—In 9 I (13D

where

(5. /(5 =3+ 3 1+4YE“>Z“>
k

% {(200-1)—1n ”(Pgl) | PP ¢ 15
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and

_ Ux g 2+2) 5
Uaa kln 2 B @ L))

denotes the value of # in the adiabatic atmosphere. Further they gave the eddy
viscosity coefficient as

— k(z+2))vx (
\/2 1 /1_}_4712“ /
(Qk)‘
k
and the expression
u—vu"o =f(p)=2(p—1)—In p(p-?}-l) e (OD

k

represented graphicaly.

The wind velocity formula (13) is complicated and has a form which makes
the treatment not easy, but it is shown at once that for larger values of stability
one has, with increasing degree of accuracy

w=N T a8y

O
k
With the formula thus obtained, they tried to explain Heywood’s data and
showed a good agreement between the theory and experiment as is seen in fig.
3. Moreover they showed a greater part of Hellmann’s experimental points lie
between the two theoretical limits,i. e
syt in the adiabatic atmosphere

U - Uy
090

Uzs— U6 __ ln -.)2/16 =0.33

| P oA T
atol A A wo—us  In16/2
e \[ l‘/ \
er0[ [ . P
) o TRBLE CASE. | e in the most stable atmosphere
0.60— ! N NP R \
Ll ]| Sl e % _ \/— VAT
o5 Ny v, . Usz—U16 32— 16_0 64
oant 58 e | et b N TV R
030 : é;:l- &L AD/ABATIC CASE —
930/ x Light ik - summec as is seen in fig. 3
| © Light winds -..... winter ] X .
G101 & Strong winds-.. summer Rossby and Montgomery did not take into
0 Strong wirds. ... winler

0.0«
MV 3a 6o 9t 3 o5 9 WA 3a sa 5a account the variation of lapse rate of tempera-

'Fig. 3. Diurnal variation of the ture with height which is the common pheno-
vertical wind distribution (uga—

1 th t t re.
109)] (1161 for different wind menon in e lowest atmosphe Later

velocities and seasons. Sverdrup*® put
1
O=00+b(z+20)" oo . (19)
i. e.
b 1—n
r“‘=-~(z+z.)) e (20

and obtained
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_ n 20 { o0 4v_1,, P (P +1)
w=tt k{~@ D1 LLED L e

and
- k(24 20)vs.
1.1 o
‘\/'2’+‘2-\/] +4 a-’(2+2n3"+Tl

(%)

where ., is the same as in (15), and p’ is obtained by substituting (20) in (14).
From experiment over the snow field Sverdrup found
o=11.
Rossby and Montgomery’s theory seemed to receive general fecognition at

.. (22)

the time, but after that its validity came into question. For instance, as to the
fundamental assumption () Rrunt wrote in his PHYSICAL AND DYNAMICAL
METEOROLOGY that it was ‘‘doubtful ascumption,”’ and really this is contrary
to our experience that in the stable atmosphere layers of air become easy to
glide over each other and make shearing stress smaller. As to the fundamental
assumption ( [ ) the author'® recently described as ‘‘groundless,”” because a correct
energy equation must be the equation of energy dissipation which is deduced
from the equation of motion. So it is natural that ¢ should vary with stability
as recently found out by Deacon?®, i. e. for extremely unstable condition o=2
and for markedly stable condition ¢=20.

Moreover, Rossby and Montgomery and also Sverdrup considered that the
wind profile was the same in the adiabatic and unstable atmosphere which was
supported by Sverdrup’s experiment of a few observational heights, but it is now
widely accepted that it is not the case. (In the later paper Sverdrup*? seems to
consider that the profile is different in the adiabatic and unstable atmosphere.)

(f) On the controversy between Sutton and Sverdrup
In 1936 Sutton®® remarked that if the wind profile was represented by

w o az / 2
h(zl+1»zma+n @

Uy

where #; is the value of # at the height z;, the parameter « provided a very
sencitive indicator of turbulence-—i. e. a increased very rapidly on the lapse
side. Against him Sverdrup'®, based upon Rossby and Monitgomery’s theory,
wrote that (23) was valid only in the adiabatic atmosphere and enormous range
of the values of « which Sutton obtained from temperature and wind observa-
tions at two levels showed not that « was a sensitive indicator of turbulence,
but that the logarithmic law failed to hold good when the temperature gradient
differed from the adiabatic.

In the subsequent paper Sutton®® criticized Sverdrup’s theory and wrote
“‘like all modern mathematical studies on atmospheric turbulence, this analisis is
not exact, and depends in the first instance on certain assumptions. An appeal

to experiment is therefore essential’”’”. He then showed that Best’s observation
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was represented more cosely by logarithmic than power law, and interpreted z,

(z—f;‘—), as defined by Prandtl, to be possible of being a function of stability.

But Sverdrup*® still maintained the validity of tne theory, and, contrary to
Sutton’s opinion, tried to show that the Best’s data czn be interpreted differently
and lend strong support to the statements that the roughness length was a
characteristic physical constant and that the influence of stability can be
expressed by means of another constant o.

Since the nthis subject seems to have been discussed by none else but Takeda*®
who, recognizing the defect of the theory and observing that his own wind
profile experiment could be represented by logarithmic law, supporied Sutton.
(Recently Halstead'® describes that ‘‘since there were. no observations of
sufficient accuracy to provide sound judgment, controversies such as that between
Sverdrup and Sutton were never clearly resolved.””) And about fifteen years have
elapsed since Sutton first published his paper, and meanwhile precise experimental
data have increased, and Sutton*” himself describes recently that if the greater
height than 2 or 3m. above the ground is considered, the evidence that shows
the failure of logarithmic law is being accumulated.

As to the theory also some developments have been made. So Kawahara™
tried to apply Karman’s'® energy equations to the lowest atmosphere and Lettau®*”
attempted to improve the Rossby and Montgomery’s theory. But as Kawahara
uses some assumptions, such as the constancy of turbulent energy (#4203 +w’?)
with height, which need more verifications in the atmosphere, and as Lettau’s
treatment contains some ambiguities, both theories seem still not to be sound.

Lettau tries to improve the Rossby and Montgomery’s energy equation (1)
by replacing it with an acceleration equation, which seems to be incapable of
being deduced from the equation of motion just as the energy equation is
incapable of being deduced from the equation of energy dissipation. But the
author considers if the Lettau’s acceleration equation is true it should be that
which can be deduced from the equation of motion.

Recently Halstead'? considers that ¢ is not constant with height in the surface
layer and putting t=79+bz (where 7y is the value of r at the surface and b=0

stable
for adiabatic atmosphere) gets some conclusions which can explain actual

unstable
results. But to consider r variable in the surface layer produces other difficulty,

for instance, Halstead’s assumption makes _??Z_>O for stable atmosphere, i. e.

the air is accelerated at night (and vice versa in the daytime) which is.
contrary to the case.
(g) Paeschke’s®® measurements .
A set of measurements on wind-, temperature-, and humidity profile was
made by Paeschke, who found that the exponent # varied from 3.0 to 5.0,
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became smalier as the roughness of the surface decreased, and, on the other
hand, represented wind profile by a logarithmic law

Vo In z—d .
20

u=

e (24

where d is a height introduced to adjust to various roughress, and z, has the
same meaning as before. Paeschke put

k

=5 o .. (25)

20

where £ is the height of unevenness of the surface or the height of the overgrowth.
From direct measurements of stalk-length d, and # and z he showed that k=d
though there was a fair scattering of values.

Paeschke made some analysis concerning with stability but not with logari-
thmic profile, so it is of little interest to the author.

It may be added here concerning the form of In(z4+d). There still remain
some uncertainties as to the form of the logarithmic formula in the adiabatic
case. For Rossby and Montgomery?®, Sverdrup*® and Sutton®® adopted the type

w=aln #7230 .26
20

while Paeschke® and Thornthwaite and Holzman®® used

u=aln =% . 2D

So we are at a loss which to select.
If there is a surface, whose roughness shall be charzcterized by a quantity
h, and if the wind profile over the surface is represented by

u=aln-2— .28
)

we can assume /% is proportional to z,, i. e.

=720 o (29)
If the form and height are constant and only the density of the roughness varies,
we will probably obtain profile that shows reference surface elevated or lowered

2]
@ Z 4
-
a0
B
.
=
L0
& di
i 1 &
g u

Fig. 4. Wind profile and density of element.

A: Density of B: Density of C: Density of
roughness: medium roughness: large roughness: small
u~In—2_ u~inf =4 u~1 nﬁﬁi
2y 20 z

as is shown in fig. 4. If the form of the curve remains the same, we obtain
for B and C of the figure
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w=aln O .30
20
But it is doubtful whether the curve remains the same after the density varies.

We may also obtain in that case

u:alncz , where Co=zFd. ................(3D
0

If we assume
B=7Co, i (8D
v’ is, of course, different from y. The experience of the author shows that over
various natural surfaces # is proportional to /zz in the adiabatic case, hence
that the formula (31) holds, and it is not necessary to use (26) or (27). So in
view of the pure empirical nature of the formula the author considers it sufficient
to adopt (28) and only when experiments (made near the roughness height)
show some deviation from (28) we should use (30) in agreement with conclusion
obtained by Deacon® that in conditions of neutral stability the logarithmic law
can represent the profile between heights of 1m. and 13m. over the grass of
various heights with great accuracy, provided that both z, and d are chosen
independently to give the best fit.
(h) Takeda’s* measurements

Nineteen measurements of wind- and temperature profile either in stable or
unstable conditions were made by the author over a natural surface with not
small and not uniform roughness (maximum height of the shrub reached
about 1.5m.). Obtained results at 4 heights up to 5 m. showed that the exponent
# varied with height and stability from 0.5 to 4.0 (increasing with height and
decreasing with stability), and that the logarithmic law was better fitted than
the exponential law, and if 2z, was considered to vary according to stability, i. e.
increasing with stability, the simple logarithmic formula

w=aln—2— (3D
4]

fitted well in the limit of the experimental error. From the fact that the
logarithmic law held also in the non-adiabatic atmosphere the author deduced
for the stability dependence of K, vy, and k4 as follows:

- K 3
K, 140R, ° P ¢ )
VAS:_U*—_ 31‘
P TR, @
-and
k
\/].—(-(IR;, (36)

i i ’ :gﬁ @. ? i a 1 - 3
where R; (Richardson’s no.) 502 ( oz ) , and suffix s is applied to denote

-quantities in the stratified atmosphere. But the deviation from the logarithmic
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law obtained recently makes the author adopt another formulae which will be
described later.

() Deviation from logarithmic law
(i) Thornthwaite and other’s measurements

Though some deviations from logarithmic law were observed in Best’s and
Sverdrup’s data they were not so powerful as to claim their existence, for in
those days the problem of the profile being represented by logarithm or exponen-
tial itcelf was not settled and Sverdrup’s!® cdata were obtained over snowfield
with only 3 heights of measurement. But in the wartime the existence of the.
deviation was being observed more certainly. So Thornthwaite and Halstead®?
from measurements of profile by 6 heights up to 20 ft. found the deviation and
proposed a rather untractable combination of logarithmic and power terms

1
Inz—Inz,
w=(ES Y @D

where the exponent p was expected ““to vary between 2.0 with fully developed.
turbulence and some value less than 1.0 when turbulence reaches its smalilest
actual value.” To quote Sheppard after Halstead!®: “In this respect the most
notable published profiles are those of Thornthwaite and Kaser (1943), taken.
over a flat field in Ohio at up to 12 levels between 0.5 ft. and 28 ft. The u,
Inz curves for successive hours throughout the day show a marked progression.
of form, being concave to the #-axis between sunset and sunrise, that is during
the period of temperature inversion, linear shortly after sunrise and before sunset
when conditions are approximately dry-adiabatic and convex to the #-axis during
the central daylight hours of superadiabatic lapse rate. Halstead (1943) has.

shown that the curvature of their 0 sor
3

g

profiles is intimately related with

the temperature difference which

wag recorded between 2 ft. and 8ft.”

8 Tt wmd vala_cm Jdy —
/Veutm/ stabv/ﬂ} profile shown as broken line m:ach case.

One of the most systematic Jecosn 40015 40055 4g065 +0,09

(;) Deacon’s® measurement

relations between the deviation and

stability is given by Deacon recently,

° ke
>
3
‘5
o~
\“
O\
N
Ny
N
N\
\\

who arranged his data according to

the mean Richardson’s no. between 2 T i wnd velot % U,
] 7‘he relative vejocity scale for each /eﬁmhand pr:ZL ,;’/:/z/m,,
the height 4 and 0.5m., Jyo.5. It is  The other prnﬁ/ts are Jlsp/aord bthe nghz in :Z‘a;u-of a 2

reproduced. on fig. 5. It is clear

" from the figure that in unstable

conditions #, logz distribution is

convex to the u-axis and in stable “of 16 i2  reltve wind veloaity, b,
conditions it has an opposite curva- Fig. 5. Variation of wind distribution with

. . bility.
ture, and the curvature itself is large stability
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as the difference from adiabaticity becomes large.

He found that the formula of the type
du

7 = —~B 3
dz az™®, . (38
where p>1 for unstable condition,
B=1 for neutral condition,
<1 for stable condition,
represents the data quite closely, and gave the variation of 8 with stability in a
figure.
The integration of (38) leads to a new profile
azl™B
_ 0 [ (2 =A_ 1 9
w= P ()T
and if
a= f{f;?, (4D
<0

(39) becomes

”:k(lvfﬁ) {(;.)‘"6 -1]. e (4D

Deacon states that, strictly speaking, the parameter B is not constant with
height and the deviation of 8 from 1 increases to some extent with height. But
the non-constancy of [ with height seems to arice from the fact that Deacon
makes z, constant with stability. Deacon, ignoring actual variation, considers
2y is constant, because as the Richardson’s no. varies almost linearly with height
the effect of buoyancy must become very small in the layer near the earth’s
surface and results baced on many observations show that the effect of tempera-
ture gradient upon velocity distribution decreases as the surface is approached
as follows: )

Ratio of wind Percentage variationf of wind on the given stability range

8:4 m. 7.2
4:2 m. 5.5
2:1 m. 4.2
1:0.5m. 2.6

T stability range from —0.1 to +0.06
But though the Richardson no. varies almost linearly with height, it seems
dangerous to extrapolate this to the layer just above the roughness, and,
moreover, it may be shown

% (%)z —<_Z%>1]>0’

where suffix 1 shows the unstable case and 2 the stable one, is valid in the

.. (42)

height interval of z observed by Deacon (4 m.—0.5m.) even though z, varies.
For adopting Deacon’s formula (39) we have
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1-g__z1-B
s (22) zl

U= F4 ZO

)

..(43)

If B and z, is considered to vary with stability and (43) is substituted in
the left-hand side of (42) we have

dz\ . - (2 P—zlF)* (2P —z7F)*

). @
1
From Deacon’s results we have
case 1: Js:0.5=—0.1, B,=1.10, 20:=0.45 cm.,
case 2: Jsi:0.5=-+0.06, B2=0.82, 202=0.10 cm.

If these values are substituted in (44) we can obtain the domain of z

catisfying (42), and get
2>0.88 cm. RN € 15))]

The lowest height adopted by Deacon was 50cm., and hence Deacon’s
suggestion, that the effect of stability on wind velocity becomes smaller as the
earth’s surface is approached, will not prove the constancy of z,.

The form of a will be examined next. Deacon expands the right-hand side
of the equation (39) and comparing it with the equation which is valid in the
adiabatic condition he obtains (40). But it is easily seen that ¢ may have a
form

V-,

@=L (46)

where ¢ denotes an arbitrary length in place of z,. This is absurd, so we should
not expand (39) and put =1 carelessly. A correct form of ¢ will be obtained
from (39) and

1-g _ 1B
Wu_:_z_‘i % 47
Uz Pz
where U denotes the velocity at z=2z;, as follows:
_U-5)
a—gs_—zé:?. e (48

In the case of the adiabatic condition, #=1, and U :—%lnzi, s0 a beco-
1

mes

az%. e (4

But we should not expect that this relation holds also in the nonadiabatic
atmosphere. Deacon then obtains a formula of eddy viscosiy as follows:

szv.»zo(zz )’3, B0

0

which should be corrected to



s PRERRBFAEES 5582

V2 (2l —z1-B
(kP —z1-7)

. —
U1-p)

(k) Pasquill’s® measurements

.. (51)

The most interesting simultaneous measurements of wind velocity, temperature
and humidity are made by Pasquill at 6 heights up to 2m. It is extremely
remarkable that wind velocity, temperature and humidity show the same deviation
from the logarithmic profile as is seen from fig. 6. From the figure it seems

Seabs. lm”mf, Sewindspoed  Seair enpentss probable that wind, temperature and
5y s / /f//‘}./' /. humidity distribution in the lowest
53 scale 3 M o
:;; . // ///' / / layer are dtermmed by the same
28 / / //-/ agency—?urb.uler'lce. -Buc the tem-

S-S perature distribution is shown by
fom .
Fig. 6. Vertical profiles of absolute humidity, (1€ @uthor to have a greater devia-
wind speed and air temperature above short tion than the other two. This may
grass.

be due to the effect of buoyancy or
radiation, but we shall need more experiment to determine this effect.
It may be added that Pasquill, trying to verify the equality of K and K,

]
(coefficient of eddy diffusivity for water vapour) experimentally, used K / zﬁ—(g—

= kz( zz )23—2 (which is easily deduced from (41) and (50)) and assuming that z,
0

is constant with stability calculated this value from his wind observations and

5 Ou

ARy
0z

K=K, in the unstable as well as in the adiabatic cases, but could not conclude

compared it with experimentally obtained K. He could conclude that

that K=K, in the stable case as the values of K / 22 %Z— became too emall.

If, on the contrary, (39) and the corrected formulae (48) and (51) are used, we

can obtain
v2(21F —z1-F)
= F L 0 T ame
K/z 2 T Ay AT (52)
Assuming the value of vy/U=1/14.4, which is obtained in the adiabatic case,

is constant also for the non-adiabatic case, we can evaluate K / 27 <z 2 shown

in the table. It is seen that the values are in good agreement for all cases,
though they are somewhat smaller especially in the unstable case. But it seems
to the author that the experimental verification of the equality of K and K. is
given for all conditions of stability of the atmosphere.

Table
Richardson’s number | —0.125 —0.10 | —0.05 ' 0 | +0.05 | +0.10 | +0.125
5 01 |
Pasquill’s val f K/zz—azl 0.42 l 0.26 — | 0.06 | 0.016 | 0.005
asquill’s value L ou
lKI/Z“ 5z 0.39 | 0.34 | 0.2 — | o.11 | 0.07 | o0.06
Takeda’s value K/z—gzi 0.25 | 0.24 ‘ 0.22 | 0.16 | 0.10 | 0.06 | 0.04
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(1) Summary about the profile and search for the most appropriate
formula.
Now we have come to the stage of summarizing profiles and searching for
the most appropriate formula.
(a) If the exponential law
L
U=AZ" ... (B3
is to be applied:
n varies with z, inceasing as z becomes large ..........................
. Hellmann!®1$.19,19,16 - BegtD  Takeda®?,

»n varies with roughness, increasing as roughness height becomes small

e ..... Paeschke™®,
n varies with stability, increasing as the layer becomes less stable.. .. ..
s e e BestY) Takeda®™.

Values of »# are found to vary from 0.5 to 5 in the atmosphere.
(b) If the logarithmic law
u=alnz+b ..............................(59)
is to be applied :
Many observations are represented by this law well and, above all, almost
exactly for the adiabatic case.
When the roughness of the surface has some particular feature instead of
(54) for the adiabatic case
u=aln(z+zy)+b ... .Rossby and Montgomery3®, Sverdrup*®, Sutton®®,..(55)
or
u=aln(z—d)+b ........BestD, Paeschke® ..(56)
will be better fitted.
I (54) is written as

w=aln-2—, . . . . (5D

2y

zo varies with stability, increasing as the air layer becomes
stable............Thornthwaite and Holzman®®, Sutton!’, Takeda!®.
(c) For the more precise measurements, deviation from logarithmic law
has been observed. Some formulae are proposed in order to give the best fit,

i. e.
theoretically :
u=aln(z+z)) + F(z) ..Rossby and Montgomery?®, Sverdrup*®, Lettau®,.. (58)

u=alnz+bz+c ............Kawahara®”, Halstead!?,..(59)

empirically :
1
u= ( alnzi)ﬁ ........ Thornthwaite and Halstead™,..(60)
)
_ [ (z\* _ 1)
u=a| (Z_U) 1} ...............Deacon®, . (61)
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u=alnz+bln’z+c ......... .. Takeda*?. (62)

The author has shown that the formula of the type (61) or (62) is better
fitted to Best’s and Pasquill’s data than that of the type (59).

It should be mentioned here about the variability of z, with stability. As
described above 2, is an integration constant which adjugts itself that at the
surface of the roughness # equals to the actual velocity. If z, is regarded as
an unknown parameter and obtained from actual profile, it will be found that
it does vary with stability. But there is a group of researchers who consider
that 2z, is a physically definable height and is not influenced by stability.
To this group belong Rossby and Montgomery®®, Sverdrup*”, Kawahara®’ and
Deacon®. On the other hand Sutton!’, Thornthwaite and Holzman®’, and
Takeda*®, consider that z, may vary with stability, i. e. increasing as the air
layer becomes stable (in a recent paper the author'® has shown that z, decreases
with stability so long as the formula representing the deviation from the logarith-
mic law, such as Deacon’s generalized exponential formula or Takeda’s gene-
ralized logarithmic formula, is adopted).

In this connection it should be stated that the result obtained by Lettau®*”
is very remarkable. For Lettau distingishes the physically definable roughness
height z,, which does not vary with stability, from the integration constant
““zo”’, which is hitherto considered to vary in actual cases, and deduced a relation

“zy —z( £ )‘ TR (c':

z

where X and Y denote some functions of stability. This relation (63) implies
that “zy’”” is a function of z, so we shall obtain different values of “‘z,” if
different reference height is used. But there seems to exist no experiment now
that can ascertain this expression.

After all, though the theoretical ground may be wanting, Deacon’s formula
with variable z,, i. e. decreasing with stability, seems to the author to be the
most simple and the best fitted to experiments at present, and it will be adopted
as the starting point of the following analysis.

§2. Mixing length and eddy viscocity
Having decided to adopt Deacon’s formula
azé“ﬁ‘

= f il‘_B_ 1 ~
u 1_31(20) 1}, (6
or
%’;_zazjﬂ, L (85)
for
BA>1 unstable case,
p=1 adiabatic case,

B<1 stable cace,
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where z,, a and 8 are parameters depending only on the stability, as our starting
point, we now proceed to determine the mixing length and the eddy viscosity in
relation to stability. The widely accepted formulae®? between the mixing
length, the eddy viscocity and the frictional velocity are

K%’-'—zv<, e

and
ou _ ‘e
l—az——-v.,-{.. e e e BD

If we assume that thece formulae hold also in the non-adiabatic atmosphere

and comparing (65) and (67) we can obtain

U =@z B, . ....(68)

vy shall be assumed here to be independent of z with English researchers®’+D
though it may depend on stability. We have, then,
I~z8, (89
or
I=A(B)zB, ... i (TO
where A is a proportionality factor depending only on stability. As 8 is shown
to be determined only by the Richardson’s number at a certain height, it is
convenient to adopt 8 as an index representing stability of the atmosphere because
it does not contain z. But in the adiabatic atmosphere (70) must be reduced to
l=kaz, where k=04, ......................(7D

s0 we can put instead of (70)

I=kh(P)zP. .......... .. (72)
With- this 2(B) the vclocnty distribution becomes from (64) and (68)
- z1-p L 3
u= k(l 3)/ —(z —z} ), ( kh)..............(?)
and eddy viscocity from (66) and (67)
K=kv.hzP. ... ... ............... . (74)

It may be remarked here that the Deacon’s velocity and eddy vigcosity
formula (41) and (50) agree with (73) and (74) respectiyely if we put

hzz(l)‘ﬁ, S 45))

but there is no reason to adopt (75). But if we put u=U when z=2z,, we

have from (73)

2B z1P
u 0
U (16
U 2zl ﬂ—z(l) B
and from (73) and (76)
Z1—B—z1-B
h= ’(’} 1_[;’ R 77

and with (74) we have
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2 (z1-B —z1-B
—v*(zl zi*)

_—WZB, i (T8

which is already obtained above.

The evaluation of %2(B) is not simple for lack of appropriate data, but we
can be able to make use of Pasquill’s®™ results for this purpose. It is already
remarked that the author showed K=K, (eddy diifusivity for water vapour)
with Pasquill’s data assuming that v./U is independent of stability(or varies
only a little in a degree which coes not make the order of magnitude
change). Now from (73) and (74) we have

20U o 2,382
K/z =R L (79)
So if we assume K=K, we can obtain values of % equating (79) with

Pasquill’s XK, / zg%tzi—. In fig. 7 is shown the variation of %~ with Richardson’s

number thus obtained together with that of 8. It is interesting to note that the
values of . and [ are fairly in agreement except in the unstable atmosphere
where % becomes larger than . In the same figure also two sorts of values of
zé—ﬁ are plotted, one in the case zy does not vary with stability and equals
to its adiabatic value 2,=0.0625m. and with valués of B as given by Pasquill,
and the other in the case z, varies with stability and with values of £ given.
already in the same figure. It is

3

AW R
\ seen that the former agrees fairly
|

well with % except in the stable

40N ,
j:\, ;_ atmosphere where 2zl  becomes
T —
! §i\§ emaller than % as expected, and the
Y] :

\-\,_" latter’s variation is very large and

0 2, { (zs: :ofut. ) .
(G varioble) becomes negative near R;=0.11.

Fig. 7. Relation of 2P, g and I with Ri. In fig. 8 is shown variation of

the actual mixing length (72) with.
Sy ¥ 3 o
R ¥ AN \

; N » " height for various values of 8. This
I B 4 A\
% 2"

may be compared with Lettau’s™
result (fig. 3 in Lettau’s paper),
and it is seen the general tendencies
are the same but our curves show
somewhat less curvature. The figure
is still more worthy of notice

because it shows the variation of
K/v,. with height. As v, is assumed.

here to be independent of height
though it may depend on stability,

Fig. 8. Variation of actual mixing length with fig. 8 shows also the variation of
height. K with height. Sverdrup*® gave:

4 1 2 3 4 3 G 7 8 8 w4 2m
ACTUAL  MiXinG  LENGTH l
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the variation of K for stable and adiabatic condition, whose tendencies are in
agreement with fig. 8, but did not give for stable condition. Fig. 8 shows
that the tendency of variation of K with height for unstable condition is contrary
to that for stable condition, i. e. convex to z-axis contrary to concave.

Now we examine the variation of v./U with stability with regard to the
Pasquill’s data under the assumption of K=K,. From the evaluated % and a/U
values of wv4/U are obtained and plotted in fig. 9. Though v,/U varies only a
little with stability (only about 209 or less) as anticipated, it is a remarkable
and strange feature that it has a minimum

26)] B/
at R;=0. Is Paequill’s experiment not open ? 10
to any criticism? Did some factor which
had not been considered make K,, hence 2 0a
v/U, excessively large in the unstable j‘w 5
atmosphere? Pasquill discussed the movement \\ (
of water in his evaporimeters and with ! T \_a':
different soil conditions, and though his 7 e
experiment seems to have been without objec- 0 \ —] 007

-0 -005 0 005 ol
— f&

tion yet we can not help considering that this
; y ) b ) Fig. 9. Relation of vx/U and F(B)
is one of the most important sections of the with Ri.

experiment and some more repetition is desirable®.

§3. On Thornthwaite’s evaporation formula

To determine actual transpiration or evaporation from large surfaces
Thornthwaite and Holzman®™ used an evaporation formula as follows:

E= k""p(ql~qg)7(yzﬁ—ul) i

(tn2)

where E denotes the rate of evaporation, p density of the air, ¢; and g¢-, and i,

e (8

and u. are moisture concentration and wind velocity at z; and z» respectively.
This formula, deduced for an adiabatic atmosphere, must be applied by a correction
for a precise evaluation of evaporation in cases of stability. But they did not
give the correction.**

Recently Pasquill® gave the formula as follows:

# During the preparation of this paper the author read Pasquill’s subsequent paper (Quart.
Journ. Roy. Met. Soc., 76, (1950), 237—301) in which additional experimental results were
published, but it is regrettable that Pasquill’s results are mainly concerned with adiabatic
condition (only two cases are for unstable condition). It is hoped that he can publish
experimental results for all conditions of the atmosphere.

*% After this paper was written the auther read Holtzman’s paper (‘‘The Influence of Stability
on Evaporation,”” Annuls of New York Academy of Science, Vol. XLIV, art. 1, 1943, pp.
13—18.), in which the effect of stability on evaporation was already considered. But as
Holtzman’s formula is not connected with a simple wind velocity profile, it seems still of
value to give a derivation as described here which is connected with the latest wind velocity
formula such as Deacon’s.
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(I—B)nknng(laﬁ)(fh—f]z)(%2‘—%) :
E= — — s e (8D
(z; F—21F)

which is easily deduced from (41) and (50). But as (41) and (50) are not
correct we must deduce an alternative form. This can be done at once by
replacing z(l)‘ﬁ by %~ and be written

E=Frla—a)—u) pgy L (8)

(in2)

where

22
(1—-PR)k li’lz~l

F(p)=( ) (83

1-B_ z1-B
ZZ 21

In another paper Pasquill®? describes that neglect of the influence of thermal
stratification, however, introduces systematic error in the form of an underesti-
mation in unstable conditions and an overstimation in stable conditions, to an
extent which is systematically related to the degree of instability or stability as
specified by the Richardson’s number. He can estimate from his observations
that the errors are mainly within 10 per cent, but for only a few observations
in the daytime unstable conditions the error becomes greater than this but less
than 20 per cent. For a number of the nocturnal observations the Richardson’s
number can not be estimated with any confidence, due to lightness of the wind,
and it is possible that overestimations in excess of 10 per cent will apply, but
these are invariably associated with very low absolute magnitudes of vapour
transport. .

From vélues of % given above we can evaluate F(B)——the departure of
actual values from adiabaticity——from (82), and obtained F(B) is shown in
fig. 9. It is seen that F(B) is larger than 1 in the unstable atmosphere, i. e.
the systematic error is in the form of the underestimation, and in the stable
atmosphere it is overestimation as expected. But the departure from 1 is
somewhat larger than the Pasquill’s observations described just above, and
amount to more than 50% for R;=-—0.1 and 30% for R;=+40.1. It is clear
from (83) that the value of F() becomes large as % increases. The somewhat
large values of F(3) seem to associate to too large values of % in the unstable

. atmosphere, but in this respect we shall need more experiments.

It may be remarked that the values of F(f) is here obtained from Pacquill’s
evaporation experiment. But the Thornthwaite’s formula (80) or corrected
formula (82) is primarily that of obtaining evaporation. So at present we can
not obtain the exact value of evaporation from wind and moisture concentration
of the air alone without knowing %#. But as /% essentially does not depend upon
moisture, we shall be able to find % from other experiments in future, for
instance, from measurements of ty, or temperature and radiation. Till then the

application of Thornthwaite’s method of obtaining evaporation from large areas
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in the non-adiabatic atmosphere appears to be postponed.

§4. Summary.

(1) It igs shown that there are three methods of approach to the problem
of turbulence in the lowest atmosphere, i. e. (a) theoretical, (b) empirical, from
the mean wind and (c¢) empirical, from the fluctuation of wind.

(2) In order to adopt the second method of approach the author reviews
principal works hitherto done concerning the vertical distribution of wind velocity,
and gives some criticisms not only about experimental but also about theoretical
works.

(3) It is remarked that it is sufficient to acopt the wind profile

» u~Inz
in the adiabatic atmosphere for most cases and only when experiments (made
near the roughness height) show some deviation from the profile we should use
u~In(z+d).

(4) It is shown that the integration constant z,, which adjusts iteelf that
at the surface of the roughness # equals to the actual velocity, varies with
stability; and that when the simple logarithmic formuda

z
20

u=aln

is adopted, z, increases with stability, but that-when the formula representing
the deviation from the logarithmic law is adopted, z, decreases with stability,
and probably this will be the case.

(5) It is shown that Deacon has interpreted the form of e in his newly
deduced formula and that of eddy viscocity K erroneously and corrected forms
are presented.

(6) The corrected form of eddy viscocity is shown to enable to prove
experimentally the equality of K=K. (eddy diffusivity for water vapour), which
was incapable for Pasquill, who used the Deacon’s incorrect form.

(7) Deacon’s velocity profile with variable z,, i. e. decreasing with stability,

u=—"2 (z1—# —2‘1)*3)

1-8
is considered to be the most simple and the best fitted to experiments at present,
and adopted as the basis for the subsequent analysis.
(8) Making use of the Deacon’s profile, the expression for the mixing
length and the eddy viscosity are obtained as
1=0.4h(pB)z",
and K=04v,.h(f)z8,
and the parameter %, which is considered to depend only on stability, is evaluated
from Pasquill’s experiments.
(9) The variation of v,/U with stability is exmined with regard to the
Pasquill’s data and a strange feature is obtained that it has a minimum at
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R;=0. It is desirable that more experiments of this sort will be made.

(10) It is shown that the parameter h(B) defined above appears in
Thornthwaite’s evaporation formula, and remarked that the application of
Thornthwaite’s method of obtaining the exact evaporation from large areas in
the non-adiabatic atmosphere appears to be postponed till 2(f) will be got from
other measurements than that of evaporation, i. e. such as that of 7, or tempera-

ture and radiation.

PART [ Irregular or turbulent component of wind

§1. Introduction

The variation of the turbulent component of wind with height and stability
seems to have been investigated only in a few cases. Scrase®, Giblett!” and
Best? published some data about turbulent component of wind and above ail

Best showed that §<:100|’i—', # being mean wind velocity and |#  being
u

mean of the abeolute value of velocity fluctuation) decreased very slowly with
height in the surface layet up to 2m., and gustiness obtained from récords
of bidirectional vanes decreased as the temperature gradient changed from lapee
to inversion. Recently Frankenberger” has succeeded to obtain the stability
dependence of eddy viscosity and turbulent stress from measurements of wind
fluctuations and Shiotani®*™ published results, which showed vertical distribution
of certain turbulent characteristics. In the following the author will also give
results of measurements made several years ago which, though not necessarily

precise, seem to show some interesting features.

§2. Method of observation

Observations were made on an abandoned field on the NNW-slope of Mt.
Akagi, Gumma Prefecture. The field which at the time being uced for army
exercises now and then had an area of about 1km?. and the mean inclination was
4° down to NNW. The overgrowth was very irregular: there wers low grasses
as well as high grasses. Also shrubs as tall as 1 m. high were within 20 or 20
meters from the measuring spot. In short, the roughness of the field was large
but the density of the roughness element was small.

Measurement of wind velocity and direction was made by the anemoscope
with vane, now generally used in our country in field. From a preliminary
experiment the instrument was found to show the wind direction at the wind
velocity of about 0.7—C.8 m./cec., but the censitivity for wind velocity was
better and the anemoscope set in action at about 9.5 m./sec. Measuring heights
were 5m., 2m., Im. and 0.5m. from the ground, the measurement at 5m.
height being made on a simple wooden stand of about 3.5m. high. To make a
measurement four observers were neceseary, who measured mean wind direction
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and velocity at each height respectively in a time interval of 10ecec. after the
anouncement of a time keeper. The measurement lasted 20 min. each time.

The adoption of the time interval of 10sec. was due to the time lag of the
instrument. The preliminary experiment showed that the revolution rate of the
anemoscope became to its half value in about 4 or 5sec. when the air stream
was suddenly intercepted, so it seemed incapable to reduce the time interval any
more. To analyce the results statistically we wanted some hundred samples,
so the 20 minutes’ measuring time was adopted, thus giving 120 samples in each
case. Moreover 20 minutes seemed to be the largest time interval to be selected
easily in the time of the day in which remarkable weather changes did not occur.

Thus 12 measurements were made from 30th Nov. to 5th Dec. 1943, but
those during which wind ceased or suddenly grew strong, i. e. those which
could not be considered as being made in a stationary condition, were rejected
and 8 measurements, all being made in fair weather, were obtained, in which 4
were made in the daytime and the remaining 4 in the evening. The vertical
temperature distribution was also measured at the same time in each case,
but these data were regrettably lost at the time of confusion after the war, so the
degree of the stability remained unknown. But as the evening measurements
were made after the sun had set in the mountain and the katabatic wind prevailed,
it is obvious that they were made in the stable condition of the atmosphere.

§$3. Results of the experiment

(1) Mean wind velocity 57 OPM. S 27 164 8
The vertical distribution of mean wind ‘ /
velocity V are plotted in fig. 10 and 11, the :
former being the logarithmic representation of , / /
the height z of the latter. As the problem of / / /
the vertical distribution of mean wind velocity / /
1

is treated fully in Part [, we will not consider

J
I/
them in detail but only give a remark that they / ////

can be well represented by the logarithmic law,  os

and besides some deviations from the law just
in the same direction as described above are / / /

chown in the figure.

7
(1) Energy and intensity of turbulence / / // /

From each observed instantaneous velocity

V (=mean wind velocity in each 10 sec.) the 2 / / / ///

turbulent component V’ is obtained by the / / // /

subtraction of V' (=mean velocity in 20 min.), | Z
=

and V’? and \/ \E // V. are calculated and o 2 3 % 5 e

) ) ) Fig. 10 and 11. Vertical distribution
showed in figures. Figs. 12 and 14 are the of mean wind velocity.
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Fig. 12 and 13. Vertical distribution Fig. 14 and 15. Vertical distribution
of energy of turbulence. of inteunsity of turbulence.

logarithmic representaéion of the height z of the figs. 13 and 15 respectively as
in the case of the figs. 10 and 11.

From figs. 12 and 13 it is clear that V’? increases with height z, the rate of
increase being somewhat larger than /snz. The stratification of the air layer
may have come effect on the rate of increase but it ie difficult to find out any
law from our experiment except that each value of V'? iteelf becomes smaller
with stability. Best® found experimentally

[V1=0.15 Ig(z—1)+const,
which agrees with our recults in the sense that V’¢ increases more than with
Inz.

The relative intensity of turbulence V/ 'k ‘,//V, on the contrzry, decreases

with height as is seen from figs. 14 and 15. The decrease is very steep in the

layer near the ground, i. e. in the layer 0.5m.—1m., but becomes slight or the
inteneity is almost constant in the layer above 2m. Best states that \/ \E / Vv

is constant with height, though his results show a slight decrease.

The fact that V% increases with height in the surface layer makes existing
theories, e. g. those of Rossby and Montgomery*® and Kawahara™?, not correct
because they assume the turbulent energy constant. Rosgsby’s™ previous
theory, however, explaine the fact, for he deduced from Richardcon’s energy
equation
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2 1 . 1 S'rl' xdx _ (1)
vzl (29!;)%0\/71737’
3C -
where xl_=(—§i>%E , E being the turbulent energy, and C is a constant, assuming
_(0u \V _ g (0T | 1 fo . . . e
¢ (-—az ) T\ oz +1 ) is constant with height. It is clear from (1) that

E=0 for z=0. But the recent developments in turbulence make the author
discontented with theories which do not take into account spectal considerations,
and so he will not enter into details now until some more progress be made.
(i) Frequency distribution of the variation of wind velocity

The frequency distribution of ¥V’ is obtained by enumerating number of
occurrences of V’ in each velocity intervals of 0.5 m./sec. around the mean, and
ic shown in fig. 16 in histogram. It is clear from the figure that, though there
are some scattering, the variance is smaller as z becomes small, and as the air
layer becomes stable. ’

The theoretical distribution was treated by Hesselberg and Bjorkdal'”, who
obtained for the frequency distribution function (or probability density function)
of V in the case of the 2-dimensionally isotropic turbulence

F(V)=2koVe tp"=i:Q(2kpVu), ..................(2)
where Qx)=e~Jo(Gx) ... i (3D
1 _u?+ 0"
and. m—-————Z u E ()

u#' being the variation of #, i. e. that of the component of V in the dirzaction
of the mean wind, and v’ being the variation of V in the direction perpendicular
to #. Though formulae are given by some authors®’” to obtain E’ and u
(mean value of #) from measured velocity V, we can, for the sake of brevity,
put after Best?

Vi=w_vy=u*=E .. .. ..................(5)

and. Vi=u, i . (6)

which seem to give good approximations for the present purpose. Making use
of values of V and V'* obtained from the experiment and (5) and (6) we can
evaluate F(V) from- (2). (Values of the function Q(x) are obtained from
Hesselberg and Bjorkdal’s paper). Smooth curves drawn in fig. 16 are theoretical
F(V) thus obtained. Each agreement with histograms is good, and the fundamental
assumptions of the theory, i. e. two dimensional isotropy and normal distribution.
of # and v will be accepted as valid in this case. '
(V) Frequency distribution of the variation of wind direction.
The frequency distribution of wind direction is obtained by enumerating
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360°
64

the mean, and is cshown in fig. 15 in histogram as in the case of wind velocity.

numue - of occurrences of direction in each direction intervals of 3x around

It is clear ‘from the figure that the dispersion becomes small in the stable

360°

o1 1 not

atmosphere——so small that the adoption of direction interval of 3x

appropriate——but the height dependence is not distinct.
The theoretical distribution of wind direction was treated by Ertel®, who
obtained for the irequency distribution function in the case of the 2-dimensionally

isotropic turbulence

~k 2 1 2.8 o — .
F(p) = 2’; —I—T;e"fp"‘zsm e/ ko it cos p{1+DP(Vkpitcose)},....(7)

where

sﬁ(x):vz;g‘u' e At L (8)

and ¢ is the deviation angle of the wind vector from the mean wind # and the
meaning of %2 and p is the same as in (4). Each calculated F(¢) is shown in
fig. 16 with smooth curve. The agreement with the experiment is good in some
casee, but in other caces it is not in the sense of the X-square test. Generally
epeaking, the agreement is good in unstable condition, and not good in stable
one.

The poor agreement seems to the author to be explained by the fact that
digpersions of velocity deviation, #’® and "%, are not the same, because  the
field on which the experiment was made had the inclination about 4° to NNW
as already described and at the sunset the katabatic wind set in which flew
down the clope in masses of about several hundred meters in diameter and conse-
quently made #'# (turbulent component parallel to the mean wind) larger than
v'* (turbulent component perpendicular to the mean wind). The theoretical
distributioh of wind direction with different dispersions was treated by Wagner??,
and the obtained frequency distribution is given by

1/_‘2
T 2w o,
F .:—E——__e— “'E“ &) Ce e e e
(@) 9 T=(1=s5cos's {1+ m &8 A+ (8} (9)
v'* o o
where £= , =" . K COS 9 and @(x) is the same as in
/urz V 2u? Vv 1—(1—r%)cos’e

y
(8). In fig. 17 are shown caluculated distributions from (9) for £=1.0, 0.5 and
0.2 with actually obtained histogram at the 5m. level of the experiment No. 5.
From the figure it is clear that £=0.3 will explain the actual result well.

As the theoretical distribution of velocity with equall dispersions at the 5m.
level of the experiment No. 5. has been recognized to agree fairly well with the
experiment as is seen in fig. 16, the next step is to examine whether the
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Fig. 17. Frequency distribution of wind Fig. 18. Frequency distribution of wind
direction for z=5m., No. 5. velocity for z=5 m., No. 5.

theoretical distribution of velocity with different dispersions for r£=0.3 chows
only a slight deviation from that of equal dispersions. The theoretical distribution
of wind velocity with different dispersions was aleo deduced by Wagner as

follows :
" 2u'? ©
F(vy="e ™ [s.,(,u.>s._,(y)+22 Su(Sen()], .. ...(10)
K u- m-1
where p=2A=6D vV ond Su= T o J(3) being the
2%”“ IE2 u/_; g

Bessel Function of the m-th order. Wagner gave values of Si, S., S;, Sy, S,
Ss, Ss and Sy for x=0~40 in a table. But the poor convergency in this case
of the ceries has made the author give up (10) and calculate numerically by the
original formula

Ve #\2  sin?
o LA S [4
F(V)= S eﬁﬂz{(c"s‘” V) T e }dw. (D

2mru’® Jo

In fig. 18 are shown two theoretical curves, one for k=1 calculated from
(2) and the other for £=0.3 obtained from (11), with experimentally obtained
histogram. Both curves show only a slight deviation from each other, and our
presumption that the disagreement in the frequency distribution in direction is
due to the unequalness of the dispersions seems to be confirmed.

Recently Koo® has deduced theoretical distributions of wind velocity and
direction taking into account the correlation between turbulent components of
wind. But to assume a correlation between #’ and »' in our case is to accept

the predominance of a definite sense of the rotation of vortices with vertical
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axes in the surface layer which seems improbable, so it may be unnecessary to
consider the case with non-zero correlation.
(V) Coefficient of correlation
From the measured velocity two corts of coefficient of correlation are
calculated ——one is the coefficient of correlation (R, or Ru:i, #..) between
velocities at two points separated by y along the vertical and the other is the
coefficient of correlation (R.) between the velocity at a point and the velocity
at the same point but at time ¢ later. Obtained values of R, are shown after
the manner of Schmidt*® as follows:
Values of Ruy,u.s

(1) unstable, V;=3.47 m./eec. (5) stable, V5=2.01m./sec.

5 5
0.868 0.713
2 o 08 0w 2 oo O 1% 0.5
0.876 - 0.433 V-9
0.5 0.5
(2) stable, V;=2.69 m./sec. (6) unstable, V5=3.74 m./sec.
5 0.627 > 0.803
2 g5 0.863 4 561 2 o7 0782 g gy
1 OEss 00458 1018 0710
05 Y 05 O
3) unstable, V;=4.97 m./sec. (7) stable, V5=2.89 m./sec.
5 5
0.772 0.662
2 o013 38 o.685 2 o3l 55 o061
0.725 0.6% 0.631 0©.576
0.5 0.5
(4) stable, V5=4.01 m./cec. (8) unstzble, V;=4.65 m./sec.
5 5
0.769 0.726
2 glaas 0704 g 633 2 o508 0598 4 gsg
1 BI8 lea7 1 098 078
05 0.7 05 U

For the sake of comparicon values at the corresponding heights are extracted

from Schmidt’s paper as follows:

Group . V,=2.4 m./sec.

5

0.78
2 0.83 C.69

Group . V,=3.8 m./sec.
5
9 0.42

0.22
1 0.55

It is interesting to note that, though instruments and time scales applied are
quite different in Schmidt’s and our cases, magnitude of values are approximately
the same except in Schmidt’s Group [ where they are somewhat small.
Schmidt describes that values of the correlation coefficient decrease as the mean
velocity becomes large, but it is not clear in our case where the effect of
stability of the air layer seems to cover more the decrease.

It is clear in our case that values of the correlation coefficient become
small as the air layer becomes more stable, which explains the fact that the
air layer at different heights generally tends to flow indepenently as the stability
becomes large. Shiotani also remarks that the instability of the air layer makes
the value of R, larger.
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As to R,, obtained values are shown in fig. 19 in correlogram. In general

R, seems to become zero for {=40 or 50 sec., but in stable atmosphere, e. g. in

No. 2 or No. 5, R, does not reach zero even for £=170 sec. As S; R.dt (r

means the value of # when R,=0)
is concidered to express a time
scale of the predominant eddies,
our result shows clearly that the
effect of stability tends to make
the predominant eddies larger, or
eddies of smaller size drop out in
the stable atmosphere.

In Shiotani’s experiment R,
bacomes already zero for £=10 or
20 sec. The reducation of this R,
value in Shiotani’s case will be
ascribed to the small time scale
of the experiment which he adopted,
e. g. 0.4 or 0.5 sec., whereas in
our case it is 10 sec. as already
described.

(V1) Coefficient of horizontal
mixing, K,

Coefficient of horizontal mixing
may be obtained from various
method. Here we have calculated
K, either by Lettau’s formula ((26)

p. 180)

Ki=1y, .(32)
or by Taylor’s formula
K=y S; R.dt*, ~....(13)

and plotted them with z in fig. 20.
It is interesting to note that the
coefficient increases with z but the

increase is smaller than

linear,
whereas in Part I we have seen
that eddy viscosity or coefficient of
almost

vertical mixing increases

(stable)

NO 6 (unstable)

<5}

NO. 8 (unstable)

N Y

==
2 40 6o g0 190 120 M9 160 sec

Fig. 19. Correlation coefficients, R;.

* This formula was derived for the Lagrangian coefficient of correlation R¢, and not for the
Eulerian coefficient R,, but can be applied to obtain the approximate magnitude of XK.



— 30 — HERRIGPIERE H58%

)/
7
//
(0% o/gac 7
4 il
d
‘I
I’
Ky . ,
(Eylor)s ol 7
'/
P
. //
e /o
2 lo 9
] //G
Ao o stable
o o"‘.;/ L o unstable
stable unstable / "%
Lettse  —o— —a— o,‘g
Ey/or -B- JOUN O/ ®
2 °
3 4 Suigt . k
> Ky 7] ! 2 3 P 4«10 o g
— h
(Lettau)

Fig. 20. Coefficient of horizontal xﬁixing. Fig. 21. Coefficient of horizontal mixing
calculated by Taylor’s formula and
Lettau’s formula.
linearly with z.

In fig. 21 K, calculated by (12) is plottec against K, calculated by (13).
From the figure it is ceen that K, calculated by Lettau’s formula is smaller by
about 30% than K, calculated by Taylor’s formula, and especially in the stable
atmosphere.

§4. Summary

In view of the fact that publiched results on the irregular or turbulent
component of wind are only a few, the author describes his own experiment in
which following results are found:

(1) The turbulent ensrgy V% increases with height, the rate of increase
being somewhat larger than /nz. The stratification of the air layer may have
some effect on the rate of increase but it is difficult to find out any law from
the experiment except that each value of energy itself becomes emaller with
stability.

(2) The relative intensity of turbulence ,\/ I77~ 7 / T/_‘decreases with height.

The decrease is very steep in the layer near the ground but goon becomes slight
or almost constant as the height increases.

(3) The frequency distribution of the variation of wind velocity can be
explained fairly well by the Hesselberg and Bjorkdal’s theory in which 2-
dimensional isotropy and r}ormal distribution of components of the variation of
wind velocity are assumed.

(4) The frequency distribution of the variation of wind direction can be
explained by Ertel’s theory in unstable condition but not in stable one. This
may be due to the katabatic wind which flew down the field, and Wagner’s
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theory with different dispersions pfoves to be in agreement with the results
both for wind direction and velocity.

(5) Two sorts of coefficient of correlation between velocities are calculated.
One, the coefficient between velocities at two points separated by y along the
vertical, is shown to decrease as the stability becomes large, and the other, the
coeificient between the velocity at a point and the velocity at the same point
but at time ¢ later, seems to decrease with ¢ more gradually to zero as the air
layer becomes more stable; and probably this will explain the fact that the
effect of stability tends to make the predominant eddies larger or eddies of
emaller size drop out in the stable atmosphere.

(6) Coefficient of horizontal mixing are calculated both by Lettau’s formula
and by Taylor’s formula and it is shown that the former gives about 30%
smaller values than the latter. The coefficient calculated by either of the two
formula seems to increase with z emaller than linear in cotrast to the almost
linear increase with z of eddy viscosity or coefficient of vertical mixing.
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