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1. Introduction.

The observations which will be dealt with here
were taken on Isachsens’s Platean on West-Spitsbergen,
lat. 79° 09°.0 N, long. 12° 56’.5 E Gr. at an altitude
of 870 m above sea level. The party consisted of
Professor H. W:son Ahlmann, Stockholm’s Hog-
skola, meteorologist H. Olsson, Stockholm, cand.
mag. J. Knudsen, Bergen, and the author.

Professor Ahlmann, assisted by Mr. Olsson,
undertook glaciological studies, partly on the Plateau
and partly on the Fourteenth of July Glacier which
leads down to Cross Bay on the western side of the
Plateau. In connection with his studies Professor
Ahlmann desired information as to the relative im-
portance of the factors with influence the ablation of
the snow fields and the glacier, viz., the radiation and
the transfer of heat from the atmosphere. A study
of the exchange of heat between the snow surface
and the air is, independent of the application of the
results to glaciological problems, of considerable in-
terest to meteorology, being a special investigation
within the wide field which deals with the exchange
of heat between the surface of the earth and the air.
The conditions for an investigation of this kind are
especially favourable when undertaken over a snow
field at a time when the surface is melting, since
the temperature of the surface then remains constant
at zero degree, and since the total amount of heat
which the surface receives can be determined by
measurement of the ablation of the snow.

The ablation was recorded by means of an ap-
paratus constructed by O. Devik. Professor Ahl-
mann, who attended to the instrument, has published
the results (Ahlmann, 1935). H. Olsson super-
vised the Robitsch actinograph which recorded the
total incoming radiation from the sun and the sky,
and undertook comprehensive measurements of the

intensity of the radiation from the sun by means of
Michelson’s actinometer. He also measured the albedo
of the snow and examined the penetration of radiation
into the snow. By means of these data it is possible
to compute the amount of heat which the surface
receives because of processes of radiation, and, by
subtracting this from the total amount as shown by
the ablation, to find the amount which is received
from the atmosphere.

In order to find the relation between the latter
amount and wind velocity, air temperature and humi-
dity, systematic meteorological observations were
carried out by Mr. Knudsen and myself. We di-
vided the day in watches since observations were
to be taken every hour. Control observations and
intercomparisons could be undertaken in the day-time
when both of us were at work. Mr. Knudsen was
an able mechanic, and it is mainly due to his skill
that we succeeded in carrying out our programme,
in spite of several mishaps which otherwise would
have been serious.

The variation with elevation of the meteorological
elements is of special importance, and observations
were, therefore, made at three or four different levels.
The observations are, on the whole, well suited for
a study of the conduction of heat and water vapour
in the layer directly above the ground, and these
processes will be made the subject of the greater
part of the following discussion.

It is, however, desirable to apply the results
in general, but this can be done only if the problem
of exchange within the layer of air next to the ground
is discussed on a broad basis. Then the discussion
cannot be confined to a consideration of exchange of
heat and water vapour, but the exchange of momen-
fum must be taken into account. The exchange of
momentum is governed by the eddy convectivity,
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but the exchange of water vapour is governed by
the eddy conductivity, which may differ from the
eddy convectivity, and the exchange of heat depends
upon the combined effect of eddy conductivity and
radiative diffusivity. Furthermore, both convectivity
and conductivity vary with increasing distance from
the boundary surface and depend upon the wind
velocity, the roughness of the surface and the stabi-
lity of the stratification.

In order to solve the problem of exchange in
the vicinity of the ground it is, therefore, necessary
to answer the following questions:

1. Are eddy convectivity and eddy conductivity
identical in the layer next to the surface? If
not, is it possible to determine any relation be-
tween the two coefficients?

2. To what extent is the temperature distribution
near the surface dependent upon eddy condue-
tivity and to what extent upon radiative pro-
cesses?

3. How do eddy convectivity and eddy conductivity
depend upon the roughness of the surface and
the stability of the air above the surface?

4. How do eddy convectivity and eddy conductivity
vary with increasing distance from the boundary
surface?

When dealing with these questions it is of great
advantage to make use, as far as possible, of the
results of laboratory experiments and of the theore-
tical considerations which are based on these results.
Before turning to the observations from Spitsbergen
we shall, therefore, give a brief review of the labo-
ratory results and of the application of these results
to meteorological problems.

2. Eddy Convectivity near a Boundary Surface.

A. Laboratory Results and Theoretical
Considerations.

Smooth surfaces. The greater number of labo-
ratory experiments have dealt with flow through pipes,
but in a few cases the flow of air over a plane sur-
face has been studied. The experiments have been
undertaken in a wind tunnel where the air was in
laminar motion before reaching the plate, which was
suspended parallel to the direction of flow. Under
these conditions a turbulent layer is formed along the
plate, if the velocity of the laminar flow is sufficiently
great. The thickness of this layer increases along
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the plate according to a law which can be written
(Handbuch der Experimentalphysik IV, Teil 2):

1 1

(1) 8=037 x (’—)5 -087x Ry °
Ux

where x is the distance along the plate from the
foremost rim, U the velocity of the laminar flow
outside of the boundary layer, » the kinematic coeffi-
cient of viscosity of the air and R, the Reynold's
number at the distance x. With x:= 40 em and
U= 20 m/sec., we obtain 6 =11 mm. Thus, the
turbulent layer is very thin.

Within the turbulent layer the average velocity
increases with increasing distance from the plate ac-
cording to a simple power law:

@) n= U(f)F

where z is the vertical distance from the plate and
where n is equal to 7 if the surface of the plate is
smooth and the Reynold’s number smaller than about
50 000. The value of n increases with the Reynold’s
number when this surpasses about 50 000, but is
smaller if the surface is rough, other conditions being
alike.

Within the turbulent boundary layer the tangen-
tial stress:
(3) =N
is supposed to be constant. Here » is the eddy con-
vectivity according to Richardson’s notation or the
“AustauschgroBe” according to W. Schmidt.

Resistance measurements have shown that in the
case of a smooth surface:

r=0.0452 2 ()
T2 U}’
where ¢ represents the density. By means of (2)
and (3) we find:
52 n—1 . n-1
7=0078n¢— U (%) " =0.0107 nox Ry U(%) "

= 0.029 Rx"%" no (é)nuz z.
z
The last form, in which we have introduced the
velocity u; at the level z (where z<(d) instead of U,
is of interest when the laboratory results are to be
applied to meteorological conditions. Then the sur-
face must be considered as having infinite extension;
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the thickness, J, of the turbulent boundary layer,
loses its meaning, but the motion must, nevertheless,
be characterized by a definite Reynold’s number. In
the formula for % we must, therefore, replace § by
another characteristic length which we may call A,
and, supposing that the velocity distribution can be
represented by a power law:

1
4) U=y (i); )

Zl
we obtain:
2 2

n—1
(5) 7720719(2)? LZZZ:CHQ('}"I")H u, zy (i) n s
zZ A A

1 1

where C is a dimensionless factor. This is the law
which # should be expected to obey when dealing
with meteorological problems, if analogy exists with
the results from the laboratory, and if the surface
could be considered swooth.

Influence of roughness. We have, until now,
dealt with smooth surfaces, but, in nature, we en-
counter always rough surfaces and it is, therefore,
necessary to consider the modifications which arise
if the surface is rough. Conditions over rough sur-
faces have also been studied in the laboratory and
Prandtl has suggested two different applications of
the laboratory results to meteorological conditions.
In his first paper dealing with meteorological problems
(1924) he assumes that the variation of velocity with
height is given by the power law (4), and that at
the surface the stress is proportional to the square
of the velocity at a distance h which characterizes
the roughness of the surface:

2
(6) I:CQuiL—C’Q(S)FlIi.

Experiments by Hopf and Fromm have verified
these assumptions, and from these experiments, which
gave n=206.4, the value C=0.0089 was derived. From
(3), (4) and (8) follows:

2
(7 17=Cn9(—il—)3 U z.

This formula is exactly of the same type as
formula (5), but now C appears as a universal, dimen-
sionless constant and h has received a definite meaning.

Later investigations have, however, shown that
the older measurements and a great number of new
measurements all are brought in agreement by intro-
duecing a logarithmic law for the velocity increase
instead of a power law (Handbuch der Experimental-
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physik Bd. IV. 1 Teil). In a later paper (1932)
Prandtl, therefore, starts with the expression

== 12—
(8®) n=el' =,

where I is “the mixing length.” He avails himself
of v. KArmén’s theoretical result which has been
verified by observations:

9) I=ky(z+2z,),

where k,=0.38 and where z+z, is written instead
of z since the mixing length has a definite value in
the immediate vicinity of a rough surface. This value
depends upon the roughness, and a relation, there-
fdre, exists between the parameter z, and the linear
dimension which characterizes the roughness. Calling

1
this dimension h one has approximately z,= §6h.

From (8), (9) and (3) follows:

du 1 V?
‘10’ & "G o
11) H:-l—}/llnz+zozclogz+zo
kO 1Y Zo ZO
and
T , 1,
(12) 17:@1{0 (Z+ZO) — :Qko (Z+ ZO)
Q z,+ 2z,
In——~
2y

These are the forms in which the equations are
written by Rossby and Montgomery (1935). Thus,
the variation of velocity with height is represented
by a logarithmic law instead of a power law. Prandtl
remarks:

“Die Geschwindigkeitsverteilung nach Formel (11)
stimmt weitgehend mit den bisher iiblichen Potenz-
formeln iiberein, der Logarithmus ist ja bekannter-
maBen der Grenzwert einer sehr kleinen positiven
Potenz. Die Potenzformeln sind von unserem Stand-
punkt aus als Interpolationsformeln zu werten. Die
Tatsache, daB man fiir verschiedene Verhiltnisse

5 10

zwanglos durch verschiedene GroBe
von z;, sowie auch durch thermische Einfliisse.”

By means of (11) and (12) the influence of the
roughness upon the eddy convectivity and the velo-
city distribution is shown. The logarithmic formula
has the decided advantage that the influence of the
roughness upon the velocity distribution appears in

verschiedene Potenzen (Exponent lbis i) bekommt,

erklirt sich
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an explicit manner, whereas the roughness parameter
does not appear in the equation for the velocity
distribution if the latter is represenfed by a power
law. One might, therefore, expect that the logarithmie
law would have a wider application than the power
law, but this is true only in case of indifferent
equilibrium, since the velocity distribution in the
vicinity of a boundary surface is modified by the
stability.

Influence of stability. Richardson and Prandtl
(1932) have shown that the influence of stability must
depend upon the dimensionless ratio

g4de
o dz

(dup
dz)
which, when we are dealing with the air, can be
written:

gde
Tdz

(du\*’

(@)
where 7T is the absolute and 4 is the potential tem-
perature.

Rossby and Montgomery (1935) have, from
a similar point of view, studied the influence of
stability on the velocity distribution and the eddy
convectivity, but their results do not apply to condi-
tions in the immediate vicinity of a boundary surface
and it is, therefore, necessary to consider these con-
ditions more closely. When doing this we shall follow
the lines of reasoning in Rossby’s and Mont-
gomery’s paper.

The authors have first examined the distribution
of velocity in the case of indifferent equilibrium, and
have, with Prandtl, used v. Kdrméan’s expression
for the mixing length . When turning to the effect
of stability they write:

“Let us now consider the effect of stability in
the surface layer, where the motion is simple in
character and the stress is approximately independent
of elevation. It is well known that a stable strati-
fication tends to dampen the turbulent vertical move-
ments of the air. At a certain elevation z above the
ground we assume the mixing length to have the value I,
whereas its value in the absence of stability would be

(18) 1=k, (z+z,).
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“If the prevailing rate of shear is

_dus

Cs = dz’

it follows that the turbulent kinetic energy per unit
1 —. - —
mass, (%2 +v'%2+ w?), must be proportional to 13 C’i.

If the rate of shear were the same, but the stability
were zero, the turbulent kinetic energy would be

proportional P Ci. ‘We assume that the difference now

occurs in the form of potential energy, the turbulent
elements at every instance having a density differing
from the one prevailing in the surroundings. This
potential energy must be proportional to (g/ T)

do/dz) lz, where 6 represents the potential tempe-

rature and g the acceleration of gravity. Thus:

g db o

(14) Tdz's’

2 2 2 2
Ure,=1,C,+p
where § is a proportionality factor as yet undetermined.
It follows from the above equation that

g o,9db

oL
s %2’%_ Tdz’

142

CS

“Now let us compare a homogeneous and a
stratified medium moving under the influence of the
same stress. The rates of shear will vary and the
two values will be designatad Cs and C. Assuming
the expression

(15)

T du\?
16 —=P—
(16) : ( dz)
to be valid also in the case of a sfratified medium,
we obtain:
(17) Vé:lscs:za

Since the equation for I, (13), is independent of the
rate of shear it is permissible to combine (15) with

(17). The result is:
Cs==C Vl + f-j
CS
“Solving this equation one obtains:
s /1 11 ax
(18) 6“:1/54—51/1—1—'—0.—22&
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From this last equation combined with

_dua__ 1 1
C=% = ko(z—i—zo)y@

it follows that

dus 1 V? 1 lV 4 5% (z+2y)°
dz  ky(z+z,) QV2+2 L+ (1]/?)2 :
ko' ¢

In the last two equations us means the velocity
in the stable case and u, the velocity in the adia-
batic case. Rossby and Montgomery write W;
and Wgyq and use the letter u for the term which
we have called v.

In their following discussion, Rossby and
Montgomery introduce a constant lapse rate, since
they assume x» to be constant. The assumption may
be justified when treating conditions at some distance
from the surface, but it is, undoubtedly, incorrect
when dealing with the very lowest layer.

We shall instead assume that near the boundary
surface the variation of temperature is similar to the
variation af velocity, or if

d us
dz

(19)

(20) = mf(z), then $ <,

92% —nf@).

In order to justify this assumption we observe,
that under stationary conditions

d
T=1%s s = const.

(21) P

= const.and @ = ¢p Agg‘g

Here Q represents the amount of heat which is trans-

ported towards the surface, c¢p represents the specific

heat and As the eddy conductivity under stable

conditions. Equation (20) is valid, if ys=A and it

will later on be shown (p. 47) that this is correct.
Introducing (20) in (19) we obtain

3 —\2
dus) ( 1 Vz) (dus n)
22 — — - —|=0
(22) (dz ky(z4+2) " o dz+m
Thus, dus/dz is determined by means of an equation
of the third order and it is not possible to derive an

exact analytical expression for us. We note, however,
that if the term 4x%C? is very great, we obtain

du _2
Cs=d—zsw(z+zo) 3.

(23)
The condition: 4x*C? very great, is fulfilled if the
stability is great and the velocity small. Thus, we
have that at great stability Cs is proportional to
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(z+2z,)—%, but at indifferent equilibrium it is propor-
tional to (z+z,) . As a suitable interpolation formula
we can, therefore, introduce:

1—n

dus'\J(Z+ZO)_Il—,

O:
s dz

(24) where 3 <n< oo .
This is in agreement with results from obser-

vations since these have shown that the interpolation

formula (4), as a rule, gives a good approximation.
It follows:

1-n

de ==
—f\J(Z+ZO) n | where 3 <{n <o,

(25) dz

Consequently we assume:

1

(26) b;— 0, = £6, (z+z)n

1
where A6, has the dimensions °Cem =, It will be

shown (p. 32) that (26) gives a good approximation
to observed conditions.
Now we have:

n 1-n

N6 o —
g4 =a®(z+z) .

1-n
T @+z) *

20 xi=ph=

With this value we obtain:

n+1
l/ 4a z+zo) ",

dus _ n_ 2 ( 1 )
dv  n+1k,’ o 2t )

(28)

or

Integration between the levels z, and z, gives:
n 2 V? [ 1
nrik g 2w gl

This formula differs from the corresponding
formula by Rossby and Monfgomery by the
factor 2 and the different meaning of v.

Following the procedure of Rossby and Mont-
gomery we remark that at z=0 we have, because
of the smallness of z;:

v +1 "1_"_1_}

Ug — Ug = .
2 1 v,—1lv, +1

nti
&)
k' o

which differs only slightly from 1. If we integrate
between the ground and the level z we obtain,
therefore :



10 H. U. SVERDRUP Geof. Publ.
9 V which gives:
— — - = 14+ n 1+n
n 1/t 1. v+l V ( )
=—)- —1)—=1 ) 32 — 4n __ _4n
Ug nrl o 2 (v ) ) nU—1+ _|~1 ( ) lls us_)]/k 0 Z1 d
azyen
or, since This means that at greater elevation the variation
of the velocity within a given interval of altitude is
n—+1

1y
ky

o __ (z+z,) 20

o
nd ag— L L IR

a UVU2—1 k' o o
we finally get:
n 2 v(v+ 1)}
53 — N [ . ——
29 ny=ugq+ —= +1Ic {2(1} 1)—1n 3 .

With n=1 we obtain Rossby’s and Mont-
gomery’s solution. The character of the solution
is more clearly seen by examining the cases when
4% C?* is very small or very great.

If 4%/ C* is very small we obtain:

dus _ 1_]/1 1a?(z+z) 7

dz ky(z+z) ! o 1+ 9 /1 N

or

P n+1

n a —

= - —— n
(80) Us=uq+ ISR l/;(ZJrzo)

The eddy convectivity is:
; 2n+1
(81) ns —’:1%1: gko(z+zo)V =2tz

0 2V

These solutions are not valid when z=0 since
the formula (26) must be regarded as an interpolation
formula. Furthermore, the equations are valid only
to a level below which

n+1 an1+ZO z
4a%(z42z) ™ “_4/3 z,

N B
ko' o

is a small quantity. Below this level the variation
of the velocity deviates but litfle from the loga-
rithmic law,

If the term 4x%/C* is great we obtain, on the
other hand:

dus 1/ V'—(Z'I'Zo)

n—H
L8 (z+2z)

represented by a power law, supposing the stability
to be sufficiently great:

1-4+n
_ Z\in
Ug — usl Zl .

If we claim that the variation of velocity is
similar to the variation of temperature we must have

(33)

1 1+n

n 4n

which, in agreement with (23), gives
CoN1
n=3 and us= us (i)"‘.

1 Z1

Then the eddy conductivity is:

Z\}
Ns=1s, z ]
1

On the assumption of a constant lapse rate
Rossby and Montgomery also found us—>u4
when z—>0, whereas at greater altitudes they found

z\d z\3
us——)usl ; R 173-—>1]Sl ; ,
1 1

but our formulae (33) and (34) ought to give much
better approximations to the actual conditions near
a boundary surface.

In general the eddy convectivity is:

(34)

ok, z+zo)l/l
n+1
_1_ V 4q° (z+zo) n
2 ,)2

Thus, #s is no longer a linear function of ele-
vation buf decreases more slowly. When the stability
is very great and the frictional sfress small the
formula (34) gives the best approximation.

Above, only the effect of a stable stratification
has been discussed. A corresponding discussion of
the influence of an unstable stratification has not yet
been undertaken, but we will assume that under
unstable conditions (11) and (12) are valid in the
vicinity of the bundary surface.

(85)
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In the preceding discussion the introductien of
the mixing length is of fundamental importance.
Sutton (1934) has treated the problem of exchange
by turbulence from a different point of view. Following
G. I. Taylor’s procedure in the paper on “Diffusion
by Continuous Movements”, Sutton introduces the
correlation coefficient r. between the vertical motion
w'(t) associated with a mass of fluid at the time ¢
and the vertical motion w'(f+ &) associated with the
same mass at the time (t+&). Furthermore, he
defines as usual 17:9—11;'_1—. Taylor has shown that:

tO
wl= LU’QJ‘FE dE;
0

where {, is the time taken by the eddy to trans-
verse the vertical distance [ Introducing

y p
I'EZ ('V + w/ZE) s

where » is the kinematic viscosity and p a constant
between 0 and 1, and, making use of Prandtls
and v. Kdrméan’'s equation

du
I_
dz

w|=

and of the fact that the eddy velocities are distri-
buted according to Maxwell's law, (Hesselberg
and Bjerkdal), Sutton obtains:

|

—_— P
7= [l—nz2
1—p J

@
dz

2

The essentially new in this result is the definition
of r, which is based on physical considerations and
makes possible an extended use of Taylor’s definition
of 1, the “mixing length,” by means of the correlation
coefficient r,.

In (86) Sutton introduces v. Kdrméan's
expression :
au
l = kO d)Z_ 3
d*u
dz*

which is derived on the assumption that the eddy
velocities at different points in the region are dyna-
mically similar. Here k, is a dimensionless constant
the value of which is approximately 0.4. (Rossby
and Montgomery use the value 0.38) Sutton
finally obtains:
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d?u
dz?

- 3 —21—p

e (53

37 5= 1—p er"\\|dz [ -
Since in the lowest layer the tangential stress

is constant, Sutton obtains, on the assumption that

u=0 when z=0:

p L
1 Zl 1 Z1

in agreement with observations.

Laboratory experiments have, as previously men-
tioned, given n=7. If we especially consider condi-
tions over a plane surface where

2\
”:U%)’

introduce this value in (37) and consider (1) we obtain
from Sutton’s formula

6}
_2 7
5=0.065 x Ry 5 U(%)7 ,
which differs from the formula derived from laboratory
experiments only by the numerical constant (0.065
instead of 0.075, see p. 6). In general, Sufton’s

formula can be written:

n—1 9
. n nrin+1 ]
(38) n= (0.251 (n—l)g) - ¥

n-1 z n-1
Q(u]_ Z]_)n+1 (__"_) n .
Z

When deriving this formula, the only assumption
made as to n is that n must be greater than unity.

Sutton points out that n may depend upon
the roughness of the surface and upon the stability,
but considers n independent of u,, It appears, however,
more promising to attempt a separation of the effects
of roughness and stability as has been domne in the
preceding discussion, and we shall, therefore, not
make use of Sutton’s formulae.

It must finally be mentioned that Kéhler (1933),
in agreement with Sakakibara, has introduced a
complex value of n:y=1yn,+in,=»ne*. Kohler
arrives at the peculiar result that the character of
the velocity distribution is essentially different when
w increases or decreases by 2a although, according
to his definition, # is identical in the two cases.
He has, however, treated his original equation in
such a manner that he obtains the velocity near the
ground represented by a multi-valued function, which
must be without physical significance. In a second
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paper (1935) he has explained some of his assump-
tions more fully, but he has not entered upon the
essential question: the validity of the many valued
solution. His suggestions as to the character of the
turbulence near the ground need not, therefore, be
considered.

The result of this brief review can be summarized
as follows:

According to experiences in the laboratories and
to theoretical considerations it is probable that the
increase of wind velocity near the surfaces is a
logarithmic funection of elevation if adiabatic condi-
tions prevail. In this function a parameter enters
which characterizes the roughness of the surface.

When the stratification is stable the rate of
increase of the velocity is greater than under adia-
batic conditions. Within any given interval of altitude
the variation with height can be represented approxi-
mately by a power law, but the exponent probably
increases with increasing distance from the surface.
Thus, the deviation from the velocity distribution
under adiabatic conditions increases with increasing
elevation and at a given elevation it increases with
increasing stability, other conditions being alike.

The eddy convectivity is under adiabatic condi-
tions a linear function of the distance from the ground
and, at a given elevation, it is a linear function of
the wind velocity. In case of stable stratification it
increases more slowly with elevation and is, at a
fixed level, a more complicated function of the wind
velocity.

We have now to examine if these conclusions
are supported by observations.

B. The Eddy Convectivity of the Air
near the Ground.

Variation with elevation. From the results of
the preceding discussion it is evident that an examina-
tion of the eddy convectivity near the ground can
be undertaken in two stages:

1. Investigation of the law according to which
the eddy convectivity varies with elevation;

2. Determination of numerical values of the
eddy convectivity at a fixed level under varying
conditions.

The first investigation is reduced to an examina-
tion of the variation of the velocity with elevation,
since at very low levels the frictional stress must
be supposed to be constant, for which reason the
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eddy convectivity is inversely proportional to the
rate of shear. )

The variation of velocity with elevation has been
studied in so many cases that it is impossible to quote
the entire literature dealing with this subject. In
general, it has been found that the variation can be
represented either by a power law of the type (4)
or by a logarithmic law, which different authors have
given in slightly different forms. The influence of
the roughness of the surface upon the velocity varia-
tion has, however, not been examined, but the influence
of the lapse rate has been studied by several authors.
The last-named examination has, however, had a
purely empirical character. The first attempt on a
rational treatment of all available data in the light
of the latest theoretical results, was made quite
recently by Rossby and Montgomery (1935).

Rossby and Montgomery commence with
the equations by Prandtl and v. Karméan (see p. 7)
and on the assumption that these are valid under
adiabatic conditions, they derive the logarithmic law
(11).. They show that a great number of the avail-
able observations are in agreement with this simple
law, and obtain values of the roughness parameter,
z,, which are in good agreement with the character
of the surface above which the wind velocity has
been measured.

They found the following values:

Over a smooth lawn (observations by

Hellmann) .................. 2z, =0.54 cm
Over open grass land (observations
published by Shaw) ........... Zy 8.2 »

Over moderately smooth sea (observa-
tions by Wiist) ...............

Taylor’s determination of the frictional stress
at an altitude of 30 metres above Salisbury Plain
affords an additional check. Taylor found (1916):

2.
T=0y Uy,

where the values for »? range between 22><10—% and

82><10-% From (38), (11) and (12) one obtains:

2

_H
3000

In

2

Zg

which with z,=0.5 em gives y*=19><10"* and with
z,=3.2 cm gives y?=381><10"% Thus, the values of
z, which were found over grass land give very nearly
the range in y»* which was determined by Taylor.
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Fig. 1. Relative velocity as function of log z according
to Best’s observations.

Very detailed observations below 5 metres have
recently been published by Best (1935). The observa-

tions were made at the levels 2.5, 5, 10, 25, 50, 100;

200 and 506 cm above a level cricket field, where
for a distance of at least 10 m upwind the height
of the grass was only 0.5 to 1 ¢cm while beyond this
distance the grass was still short. The temperature
gradient between 10 em and 110 em was measured
simultaneously. Best shows that with no temperature
difference between these two points the wind velocity
is practically a linear function of log (z—1), where
(z—1) represents the distance over grass approxi-
mately 1 cm high. If the velocity at 1 m lies between
1.5 and 4.0 m/sec. Best obtains:

U=, |0.345 log (z — 1) 4 0.30],

but the observations can also be represented by an
equation of the type (11).

In fig. 1 two sets of observations are plotted
and it is seen that all values fall near the straight
full-drawn line, which give an average roughness
parameter, z,=0.22 cm. The very lowest observa-
tions show the greatest deviation from the straight
line. Considering the difficulty of accurate measure-
ments in the immediate vicinity of the ground, where
the velocity gradient is very great, it is perhaps
permissible to attribute less weight fo the lowest

Fig. 2. Logarithms of the velocity plotted against log z assuming
a velocity of 10 m/sec. at 10 m and different values
of the roughness parameter.

observations. Doing this, the other data are best
represented by a line which gives z,=0.14 cm. Over
a close-cropped and very smooth lawn the roughness
parameter should, therefore, have a value between
0.14 ¢m and 0.22 cm.

Other authors have generally found that the
variation of velocity with elevation is better represented
by a power law but this is not surprising, considering
that a power law gives a good approximation if no
observations are available from the very lowest level,
and that no attention has been paid to the stability.
Before turning to the effect of stability we shall
examine the first point somewhat closer.

Best has pointed out that if the velocity varia-
tion actually is represented by a logarithmic law,
and if one attempts to use a power law within small
intervals of elevation, one obtains values of n which
increase with elevation. In order to illustrate this
feature the following computation has been under-
taken: The vertical distribution of velocity has been
computed, assuming the velocity at 10 m to be
10 m/sec. and the roughness parameter to have the
values 0.2 cm, 2.0 cm and 20.0 c¢m respectively.
In fig. 2 the logarithms of the velocities are plotted
against log z. We should obtain straight lines if
the power law (4) were valid but we obtain curved
lines. If we still wish to represent the velocity by
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Fig. 3. The value of n as function of height over surfaces
of different roughness.

a power law, we have to consider n as a function
of z. From the shape of the curve it is evident
that n increases with elevation. The value at any
level is determined by the conditions that the tangents
of the curves:
1
u=u, (i)nand u= l]/l In itz
Z1 k' o

2y

shall coincide. This condition gives:

z+z z+ 2z
n=—=2y; -9
z Z,

In fig. 3 n is represented as a function of ele-
vation up to 10 metres for 2zo=0.2 cm, 2.0 cm and
20 em. From this figure it is evident that observa-
tions which are taken above a level of 1 to 2 metres
can be approximately represented by a power law
with a constant value of n, since the variation of n
with altitude is slow above these levels. The ap-
proximation is the better the smaller the interval is
within which the observations are taken. It is, how-
ever, clear that such a formula has the character of
an interpolation formula only, and must not be used
for extrapolation. Further, it is evident that within
a given interval of altitude, the value of n decreases
with the roughness of the surface.

These features explain, to some extent, the dif-
ferent values of n which have been found by different
investigators. Attention is especially drawn to the
values of n which were derived by W. Sehmidt
(1929) from his observations over ground of varying
character. His observations at Hommelsheim were
undertaken above a stubble field after wheat and
above a field of turnips where the upper parts of
the plants where at a level of 40 to 50 em. The
numerical results are not given but some mean velo-
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cities are entered on a graph. Aeccording to this, the
mean values apply to the levels 25 em, 78 cm and
130 cm. In the case of the turnip field the heights
are reckoned from the general top level of the plants.
Schmidt shows that the variation of the velocity
with height, approximately follows a power law and
finds in the case of the turnip field n= 2.4 and in
that of the stubble field n = 4.2. Regarding the
former value, he remarks that this is surprisingly
low and that probably no other investigation has
given such a low value. In view of our preceding
discussion, the different n-values can, however, be
explained if the widely different roughness of the
ground is taken into account. Schmidt’'s values are,
actually, represented almost as well by logarithmic
laws which in the case of the stubble field give z,
about 0.8 cm and in that of the turnip field give z;
between 3 and 4 cm. The former value is somewhat
greater than the value z, = 0.5 cm which, according
to Rossby and Montgomery, applies to a smooth
lawn and the latter is nearly equal to the value which,
according to the same authors, is found over grass
land. The temperature distribution is not known, but,
at these low levels, this should not alter the results
materially. Thus, all available evidence supports the
conclusion arrived at by Rossby and Montgomery
that under adiabatic conditions the variation of velo-
city with height follows a logarithmic law.

Where stability is concerned, Rossby and
Montgomery find that at some distance from the
surface the difference between the velocities at two
levels, z, and z, shall approach the value ¢ (z:;’ z%).
They have compiled a considerable amount of evi-
dence which supports this result, but very few of
the observations which they use are taken within
the very lowest interval of altitude in which we are,
at present, especially interested. Within this interval
the logarithmic law is probably valid up to a small
height, and, at somewhat greater height, the difference
between the velocities at two levels should, according
to our results, approach the value ¢ (zjj;—z%).

From Best's observations it is evident that the
velocity distribution below 0.5 metre is little influ-
enced by stability. Between 0.5 and 2 metres the
velocity distribution can be represented by a power
law, and the value of n decreases with increasing
stability, but the smallest value of n is 5.25.

With regard to instability, Best's data indicate
that the influence upon the velocity distribution
below 1 metre is very small but above 1 metre
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the velocity increases more slowly than in the adia-
batic case.

From the preceding results as to the variation
of wind velocity with height, we conclude that the
eddy convectivity is, under adiabatic conditions,
directly proportional to the elevation. Under unstable
conditions it increases more slowly and with stable
conditions more rapidly. Within any given interval
of altitude it can be represented by an interpolation

q
formula of the type n =1, (zi) where g is somewhat
1

smaller than 1.

Under adiabatic conditions the eddy convectivity
is at any given level a linear function of the velocity
but at non-adiabatic conditions the relationship between
eddy convectivity and velocity is complicated and
varies from one level to another. The conclusions
are in agreement with the theoretical results in the
preceding chapter.

Numerical values of the eddy convectivity. We
have now found the laws according to which the
eddy convectivity must be expected to vary with
elevation directly above the ground and it remains
to be examined whether the conclusions are supported
by direct determinations of the eddy convectivity at

different levels or at different wind velocities at a

given level.

The eddy convectivity can be determined by
different methods:

1. By a determination of the frictional stress
in the lowest layer and a simultaneous determination
of the rate of shear in the same layer.

2. By a computation based on the hydrodynamie
equations and observations of the velocity distribution
up to the altitude of the gradient wind.

3. By a study of the rapid fluctuations of the
wind at a fixed level

The frictional stress was as already mentioned
determined by Taylor over Salisbury Plain. He
found 7= py*ul,, where uy, is the wind velocity at
an altitude of 30 metres and where y* ranges from
22><10"* to 82<10~* Rossby and Montgomery
have shown that this result is in agreement with
their conclusions. Their formulae lead in this case
to the equation:

a+z,

(39)

Na=07a" 10 (a+ zy) ta

(]

where a == 30 metres. Thus, we must know z, in
in order to compute #, or we must know the rate of
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shear. In this case we can avail ourselves of the
fact that, according to Scrase (1930) the velocity
distribution over Salisbury Plain can be represented
by the power law, putting n = 7.7. The equation:

du
TS = 07d" Ud"
then gives
(40) Wa:nQ}’agaua=k,ua;

where I ranges from 0.065 to 0.093. With uq =10
m/sec. we obtain nq = 65 to 93 g/cm.sec. and these
values are in good agreement with values which are
determined by other methods.

From (89) and (40) we obtain

(41) Atz a4tz _

Zy ’
which, with a = 30 metres and n = 7.7, gives
z, =2 1.4 cm. Rossby and Montgomery obtain, by
a different method, that z, ranges between 0.5 cm and
3.2 cm. All these values of the roughness parameter
are reasonable and the value 0.065 ugq <14 << 0.093 uq
appears, therefore, to be approximately correct.

This result has been confirmed by a direct
computation of the frictional stress, which was carried
out by Scrase (1930) by means of observations of
the eddy velocities at 19 metres. The frictional
stress in the direction of the wind can, according to
Reynolds, be written 1= —pu' w where u' and w
are the eddy velocities in the direction of the wind
and in vertical direction. At a wind velocity of
780 em/sec. at 19 metres Scrase found == 3.62,
and with n = 7.7, he obtained # = 70 g/cm. sec.

This value is of the order of magnitude which
should be expected from Taylor’s results, but is
about twice too high. A similar computation by means
of observations at a height of 1.5 metres gave a
value of v which was about one quarter of the value
at 19 metres, or about one half of the value which
shoud be expected from Taylor’s result. The obser-
vations at the two levels were not simultaneous, for
which reason the values may deviate, but both values
agree with Taylor’s results as to order of magnitude.

The second method for determining the eddy
convectivity has mostly been used for computation
of average values within greater intervals of height
on the assumption that % can be considered inde-
pendent of altitude. The results of such computations
are of no interest in this connection, and only the
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results of a few computations on the assumption of
a variable eddy convectivity will be considered.
Rossby and Montgomery have already shown
that Mildner's (1932) values of #u, which were
derived from 28 pilot balloon runs made during one
October day, are in very good agreement with their
theory. At a wind velocity of 10 m/sec. at 30 metres
their equation gives =63, or a value which lies
close to those over Salisbury Plain. Similar investi-
gations by the author (1933) were based on single
ascents and gave values which near the ground were
of the same order of magnitude as Mildner’s, and
increased with height, but they are too uncertain to
allow any further conclusions.

The theory of the third method, determination
of » by means of the rapid fluctuations of the wind,
has been developed by Hesselberg and Ertel.
Hesselberg (1929) found:

7]__0b PW, m)?’= gri‘
where P is the “period length” of the eddy motion,
w'z, m the mean vertical eddy velocity and k a constant
which characterizes the distribution of the eddy velo-
cities in case this distribution is in agreement with
Maxwell's law. By means of this formula Hessel-
berg computed the eddy convectivity in a horizontal
direction at Lindenberg and obtained 5, = 1.0 u® at
the altitude of the anemometer. According to our
preceding conclusion » is proportional to u, under
adiabatic conditions and increases more rapidly than
u if stability prevails. Hesselberg’s result may,
therefore, be in approximate agreement with our
conclusions, if the observations which he has treated
were taken under stable conditions. It may be men-
tioned that Nomitsu (1935) has shown theoretically
that # must be proportional to u?, but on the assump-
tion that % is independent of elevation. This is not
true for which reason the theoretical result is without
any value.

Ertel (1930) has derived an expression which
is more suited for numerical computation:

(1) Sim (a t)

W.—,
2z) .

Vz (Ui—Um)® . Sm 911 1 l/21 u1—|—1_u1)
n at + .

H=0m—

where

Sm( )
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Here u; is the instantaneous velocity and At
the time interval between two observations, which
must be of the order of 1 second, and n is the
number of observations.

This formula has, to my knowledge, been used
only by Lettau (1934), who has treated a set of
observations which covered a time interval of 3
minutes, Lettau found % =2.8 at an altitude of
95 cm and an average wind velocity of 150 cm/sec.
This value is very high, since, if we assume the
relation (12) to be correct, we obtain z, == 38 cm
which is an unreasonable value. With % = 0.7 we
would have obtained z,= 2.7 cm.

From this review it is evident that our know-
ledge of the eddy convectivity directly above the
ground is poor in spite of the interest which has
been taken in the study of turbulence near the ground.
The results are contradictory, some are in accord
with laboratory results and theoretical considerations
based on these, but others are in obvious disagreement,

3. Eddy Conductivity near a Boundary Surface.

A. Laboratory Results and Theoretical
Considerations.

Smooth Surface. The exchange of heat and water

vapour between a surface and the air has been

examined in the laboratory and the problem of
exchange by eddy conductivity has been treated
theoretically by Prandtl, v. KArmén and Latzko.

Let us consider a plate which is placed in a
non-turbulent flow. A turbulent boundary layer forms
along the plate (see p. 6), and, if the temperature
of the air differs from the temperature of the plate,
the flux of heat towards a square unit of the plate
at the distance x from the rim is

Qx—CpA ?ﬁ

(42)
where c¢p is the specific heat of the air and A is
the eddy conductivity. This flux is constant when
stationary conditions are established. Prandtl has
shown that, if stability is of no importance, an exact
analogy exists between the exchange of momentum
and the exchange of heat if the two non-dimensionals,
the Reynolds’ number and the Peclét’s number,
are identical. When dealing with air this condition
is so nearly fulfilled that, if the effect of stability is
disregarded, we can put A=yz. With our previous



Vol. XI. No. 7.

value of 5 above a smooth surface (p. 6) we obtain
under stationary conditions:

z\L
Oy — 3= (9L — ) (5) 7,

where 5 is the temperature at the distance z, 9. the
temperature of the air outside the turbulent boundary
layer and ¢ the thickness of the boundary layer.
Further, we obtain:

Qx=0.029 cpo R, " U(Hr— )

=0.029 ¢p o (%) U (91—9,).

Observations by Nusselt, Jiirges and more
recently by Elias have confirmed these conclusions.
They found that at great velocities of the air flow,
the exchange of heat was proportional to U8, Elias
(1929) has, furthermore, shown that the variation of
temperature with increasing distance from the plate
is similar to the variation of velocity. He also found
the total loss of heat from a surface of unit breadth
and of the length x, reckoned from the foremost
rim, proportional to x°%, whereas the theory claims
proportionality to x8. During these experiments the
plate was placed vertically and, therefore, any in-
fluence of stability was eliminated.

At low velocities, when the above considerations
are not valid, Jiirges found @ proportional to U,
but Langmuir found generally that @ was propor-

tional to YU+0.3.

In the case of evaporation or condensation similar
expressions are obtained. Under stationary conditions
we must have

F=A B_f = const.,
2z

(43)
where £ is the amount of water which is transported
away from the surface or towards the surface, and
where f is the specific humidity of the air. The
equation expresses that at any level the same amount
of water vapour passes through a unit cross-section.
Assuming A to vary with altitude as # it follows:

W

or, that within the boundary layer the variation of
specific humidity is similar to the variation of wind
and temperature. Evaporation takes place if frL<f

(fz—fo)=r—
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and condensation if fr>f,. If fr<{f; and A=y, the
amount of water, which evaporates from a square
unit at distance x from the rim of the plate, is:

Fy=0.029 QR;% U(f.—f,
«JHEBQ() Ut (fL—1,).

The evaporation from a rectangular area of length x
downwind and breadth dy becomes:

d F=0.029 0% x* U* (fo—Ff,) .

The evaporation from a surface is, therefore, propor-
tional to (fr—f,) and to U"%, and in agreement with
this Himus found it proportional to um’™, where um
is the mean velocity over a cross-section. Sutton
(1934) has shown that measurements by Hine give
a similar result.

Influence of roughness. The influence of rough-
ness has not been examined in the laboratory, but
if we disregard the influence of stability and assume
A=y, we obviously obtain by means of (12) and (42):

§.—6,= K1n Z 2,
Zy
and
g 0p—20,
(44) Q=cpok, :
lna+zo 1n?i.ﬁ
2q Zy

where 6 means the potential temperature, which must
be introduced if we consider exchange in a vertical
direction, and where a and b are the levels at which
velocity and temperature are measured.

The vertical distribufion and the exchange of
water vapour are similarly given by:

& z + 2z
f—fo= .
and
rok e Lo
In 2 0 In _—Z—O
(45) 0 0
0.623 o Ugq ep— €y
D lna+z0 lnb'ZQ
29 Z

In the last term p represents the pressure of the
air and e the pressure of the water vapour.
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If we make use of the interpolation formula:

1 1
u=u,z, nznand of Prandl’s expression (7) we

obtain:
z\L
@—%uNG)m
2
2 L
(46) Q=Cocphn(ab)” 7 ug(r—10)

and similar expressions for f,—f, and F.

In many cases the existence of a laminar boundary
layer is presumed when dealing with problems of
exchange. It should, however, be stated that if we
use the logarithmic formula or consider that the power
law has the character of an interpolation formula,
the introduction of a laminar boundary layer appears
to be unnecessary. From the character of the logar-
ithmic law it is evident that the eddy conductivity
has a definite value at the level z=0 or that tur-
bulence is effective at the very surface. If a boundary
layer exists it must have a semi-laminar character,
and this appears to be quite in agreement with the
conception by Brunt (1934 p. 262). He considers
the boundary layer as a time-mean phenomenon:

“The turbulence which may prevail at some
distance from the boundary will from time to time
break through the layer, carrying away portions of
the fluid which instantaneously constitute it, but as
soon as the individual eddy has removed a portion
of the boundary layer normal processes will tend to
build it up again.”

Here we would add that, if
boundary layer exists, 8, differs from the temperature
of the surface, and e, is not identical with the
maximum vapour pressure corresponding to the sur-
face temperature.

Influence of stability. We have already shown
that the influence of stability upon eddy convectivity
is negligible in the immediate vicinity of a boundary
surface but increases with increasing distance from
the surface. We must assume that the same applies
to the eddy conductivity, but now the questions
arise, whether eddy convectivity and eddy conductivity
can be considered identical at the boundary surface,
and, supposing this to be the case, whether they
remain identical at heights where both are influenced
by stability.

The first question cannot be answered definitely,
but in the laboratory A and » were found practically
to be equal in a homogeneous fluid and there are
no reasons why the same should not be correct in

a semi-laminar
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the lowest layer of the atmosphere. The effect of
stability has been discussed by Taylor (1931) who

obtained:
(72)
(47) ég _d__
| gde
p dz

He has verified the correctness of this result by
means of oceanographic observations. The mean
values of A/y were 0.064 and 0.17 when the mean
values of the right hand term were 0.118 and 0.27.
The result has not been verified when dealing with
the atmosphere, but we may apply Taylor’s criterion
to the conditions in the immediate vicinity of the
ground in order to find the heights up to which we
may expect A and n to be identical. If we assume
that the variations of velocity and potential temperature
are given by logarithmic laws and consider that in
the atmosphere:

_gde _gdb
odz Tdz
we obtain:
Acrm
y a-
g “(z42z) In %

0

\n;here uq is the velocity at the level a cm and A 6,
is the temperature difference between this level and
the level z=0. If we now make use of the result
that A is equal to » in a homogeneous fluid and
introduce the reasonable assumption that A cannot
be greater than % in the case of stability, we obtain,
neglecting z, besides z, that

_:1_' u; 1
g&@alng_
Zy

Z

represents the maximum height up to which A4 and g
can be identical. With a=200 cm and A6=1" we
obtain the following values of Z in metres:

300 Zo, I
/sec.

CIISeC- 1 g9 1.0 5.0
100 4.0 5.0 7.6
200 16.0 20.8 29.0
400 64 83 116
800 | 256 333 465
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Above these heights 4 is no doubt smaller than 7,
and it is possible that A is smaller than # at heights
which are somewhat lower than those tabulated. It is,
in any case, evident, supposing Taylor’s criterion
to be correct, that A must be smaller than 7 at a
short distance from the ground, if the wind velocity
is very small and a considerable inversion exists,
but in a strong wind A and » are probably identical
up to considerable altitudes.

The influence of instability has not been con-
sidered but it is a priori not probable that A differs
from 5 in the case of instability. If such differences
appear to occur they must, perhaps, be explained as
an effect of processes of radiation.

Influence of processes of radiation. We have
until now, treated the variation of temperature near
the ground as if it were dependent upon the eddy
conductivity only, and were independent of radiation.
A treatment of the influence of radiation upon the
vertical distribution of temperature near the ground
is very difficult, and satisfactory theoretical results
have not yet been obtained. Brunt (1934, p. 120)
arrives at the result, that radiation is only of slight
importance in the spread of heat upward to any
considerable distance above the ground, but thinks
that at very small heights the transfer of heat is
mainly by radiation. These questions can probably
be decided by means of suitable observations which
permit comparisons between the apparent values of
eddy convectivity and eddy conductivity. The questions
will later on (p. 48) be discussed more thoroughly.

B. The Eddy Conductivity of the Air
near the Ground.

Variation with elevation. Similarly, as with the
investigation of the eddy convectivity, an examination
of the eddy conductivity near the ground can be
undertaken in two stages:

1. Investigation of the law according to which
eddy conductivity varies with elevation.

2. Determination of the eddy conductivity at a
fixed level under varying conditions.

An examination of the eddy conductivity should
preferably be based on a study of the variation with
height of the vapour content of the air since the
vapour content is mnot influenced by processes of
radiation. If stationary conditions prevailed, the law
according to which the eddy conductivity varies with
height, could be obtained from the variation of the
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Fig. 4. Vapour pressure as function of log z according
to Wilst’s observations over the sea.

vapour content (43, p. 17), but, unfortunately, few
observations exist, which are suitable for this purpose.
The only series of measurements at different levels,
which 1 have found, is the one short series which
was obtained by Wiist (1920). In fig. 4 his average
values of the vapour pressure, which is nearly pro-
portional to the specific humidity, have been plotted
against log z. The values fall nearly on a straight
line, indicating that in this case the eddy conductivity
was, approximately a linear function of z. The
temperature decreased with height, and the stratifica-
tion was, therefore, instable.

The temperature distribution has, on the other
hand, been studied extensively, and from the observa-
tions, conclusions have been drawn as to the variation
with height of the eddy conductivity assuming the
influence of radiation to be small. Near the ground
the temperature is, in general, a linear function of
log z and A is, therefore, a linear function of z.
R. Geiger (1927) has used very detailed observations
below 1.5 metres and found an almost linear relation
between the relative values of A and z and Marquardt
(1932) has shown, that Wiist’s observations over
the sea also indicate a linear relationship. Best (1935)
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has shown that around midday and midnight the
temperature up to an altitude of a few metres above
Salisbury Plain is very nearly a linear function of
log z, and Johnson’s (1929) observations at levels
below 2.8 metres give a similar result. Thus, A
appears to be a nearly linear function of height, if
conditions in the lowest one, or two metres only, are
considered.

A study of the diurnal variation of temperature
at very low levels may give additional information.
Kohler (1932) has shown that Johnson’s values
of the diurnal variation of temperature at 1.2 m,
7.1 m and 17.1 m above Salisbury Plain can be well
represented if the eddy conductivity is proportional
to z%7 but Best concludes from his observations at
2.5 cm, 30 cm and 1.2 m together with observations
at 7.1 m and 17.1 m that A is proportional to z'$8,
(Best has computed K—=A4/p.) This result, which
is in absolute disagreement with the fact that the
temperature, as a rule, is a linear function of log z,
is, however, derived on the assumption that A can
be considered constant within the different intervals
of altitude, 2.5 to 80 ¢m, and so on, and this proce-
dure must lead to erroneous values. It can be shown
that Best’s data do not contradict that A is, approx-
imately, a linear function of z.

Fjeldstad (1933) has shown that:

d (A dé
s (ERi d;) +noR: =0,

where R, represents the amplitude of the n'? term
in a Fourier’s series, d, the phase angle and, where
6 -27/T and T is the period length. By integration
we obtain:

R‘Jdan B
A— A tdz |, 2
z=An 3 —nog | R,dz
Rz n
n . h
zZ

Best has tabulated the values of R, and R,,
-0, and —d, for the months December, March and
June. If we use the first term only, since this
dominates, and put h=10 cm and ¢=1.25 103 we
obtain, approximately:

A=0.094,,z — 7<1075 (z—10)1-%
March ........ A=0.114,, z — 8<10-6 (z—10)*-66
......... A=0184,,z — 4x<1076 (z-—10)18

These equations are valid up to a height of about
5 metres. Evidently the character of the variation
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of A depends upon the value of A,,. If we assume
this to be equal to #,, we have (see p. 7), since the
wind observations gave z,~=0.2 cm:

2 U,
A10=Q kO 10.2 ﬁ(}a

and with u,q,=400 cm/sec:
A,y~0.1.

If this result is correct, it is evident that the
first term quite dominates, and our equations for A4
are similar to (31) p. 10. If we examine the order
of magnitude of the factor in the second term on the
right-hand side of (31), we find, with f=11 (see p. 45)
that this factor lies between 10—% and 105, as in the
above equations. The deviation from a linear relation
between A and » may, therefore, indicate the influence
of the stability in the night hours. It may be added
that Kdhler's investigation (1932) gave:

A,y=—0.13.

The available evidence, therefore, all points in
the direction that in the lowest metres the eddy
conductivity is nearly a linear function of height.
The increase is, under stable conditions, probably
somewhat slower, as was the case with the increase
of the eddy conveectivity. It is, furthermore, note-
worthy that this result principally is based upon
témperature observations. The similarity between the
laws for the variation with height of eddy convectivity
and eddy conductivity, therefore, indicates that pro-
cesses of radiation are of subordinate importance
and that turbulence is mainly responsible for the
temperature distribution in the lowest layer.

Numerical values of the eddy conductivity. The
eddy conductivity can be determined by several differ-
ent methods:

1. By a study of the diurpal variation of
temperature and specific humidity at different levels.

2. By a study of the rapid fluctuations of
temperature and specific humidity at fixed levels.

3. By an examination of the change of temper-
ature and vapour contents of air under non-stationary
conditions.

4. By an examination of the exchange of heat
and/or water vapour between the surface and the air
under stationary conditions.

The first method was, as already mentioned, used
by Koéhler (1932) who found a value of 4, which
is of the same order of magnitude as the probable

~
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value of 7. The second method has been used by
Lettau (1934) who by means of Ertel’s formula
(see p. 16) and observations over a period of 4 minutes
found A=20.0 at an altitude of 95 cm. A few
minutes later, wind observations which were treated
similarly gave y=2.8. The great discrepancy between
these values cannot be explained by the small time
difference between the measurements, but, considering
the technical difficulties of the observations in question,
it is not permissible, from this isolated result, to
conclude that A can be greater than 7.

The third method has been used by Taylor
(1915) for his first determination of an average value
of the eddy conductivity up to an altitude of several
hundred metres, but average values are of small
interest in our case. Ko6hler (1929) has, on the
assumption that A==A, z%7 treated several series of
detailed observations at Hallde which gave 4=0.0002
+0.00071 u:f, where u, is the velocity at 1 em.
Marquardt (1932) has examined conditions over the
Bodensee, but his numerical values have been computed
on the basis of assumptions which cannot be accepted.

The exchange of heat and/or water vapour be-
tween the surface and the air under quasi-stationary
conditions has been frequently examined but the
efforts have been directed towards derivation of
technical formulae. In the technique the heat and
vapour exchange are expressed by equations of the type

(48) Q=x (90—, F=y(e—e,),

where x and y are “coefficients of exchange”, which
are more or less complicated functions of several
variables. When dealing with meteorological problems
the exchange of heat and water vapour can be repre-
sented by similar equations and the coefficients of
the exchange are functions of air temperature, pres-
sure and wind velocity.

From our preceding equations (44) and (45) we

obtain:
2

 cpek w0628 o ky .

49 *— T 3 U 7= a
In a In ﬁ p In a In —ll
Zy Zy Zy Zy

if velocity, temperature and vapour pressure vary
according to logarithmic laws and if the velocity is
measured at the level a and temperature and humidity
at the level b, supposing a and b to be great com-
pared to z,.

If the vertical variations of the elements are
represented by power laws we obtain, similarly:
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2 1
Z=00pghn (ab) n Uy,
(50)

2 1
y=%§09h” (ab) " ug.

Thus, the exchange coefficients should be pro-
portional to the wind velocity and depend upon the
levels of observation. If they were known with suffi-
cient accuracy, it should be possible to check our
preceding results. It should, however, be noted that
in (48) 4, and e, represent temperature and vapour
pressure of the air very near the surface, and may
differ from the temperature of the surface and the
corresponding vapour pressure owing to the existence
of the semi-lamiar boundary layer.

The exchange of water vapour has been studied
extensively in order to derive empirical formulae for
the evaporation, but in some cases the evaporation
has been found proportional to \/E and in other cases
to u. The proposed formulae differ so much from each
other that they give no foundation for a computation
of the conductivity.

The exchange of heat has more recently been
made the subject of investigation, and the coefficient
of heat exchange has been computed, but the possible
relation between this coefficient and the wind velocity
has been studied in one case only.

Over a snow surface Angs’cr(’im (1918) found
»2=0.03 at a wind velocity of 2.8 m/sec. The velocity
was measured at 15 m and the air temperature at
0.6 m. The surface was colder than the air. Under
similar conditions Falckenberg and Kriigler (1932)
found a much smaller value, »=0.003. In the desert,
with the surface warmer than the air, Biittner (1934)
found x»=0.016 at wind velocities between 0.8 and
1.5 m/sec. and »=0.021 at wind velocities 2 to
2.5 m/sec. The velocity was measured at 0.4 m and
the temperature at 1 m.

Devik (1932) assumed that s, according to
Langmuir, was proportional to \/u+0.3 and at
velocities 4 to 6 m/sec., he found »=0.0083 Yu+0.3
over a water surface. The altitudes at which velocity
and air temperature were measured are not stated.
Over a snow surface he found x=0.033 \/u+0.3, but
this value is considered uncertain.

None of these results can be used for computing
the conductivity, but on a later occasion Angstrém
(1984) has undertaken a more detailed study of x» in
connection with his discussion of the observations on
the Swedish-Norwegian expedition to North-Eastland
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(Spitsbergen) in 1931. He found, in agreement with
the theoretical consideration, that x was proportional
to u: »=0.0067 u (uin m/sec.). The wind velocity
was measured at 3.2 m and the temperature at 1.9 m.
The numerical value of the constant factor cannot,
however, be accepted, since in his computation
Angstrom has neglected the processes of conden-
sation and evaporation. A new determination of » by
means of the same observations has, therefore, been
undertaken (Sverdrup, 1935 b).

Finally, it may be mentioned that over the
pack-ice the author (1933) found:

Q=(44—2.9C)10 % u g cal./em®min. (u in em/sec.)
and simultaneously the relation:
176—12.5 C
— e

O30 — 015 =

existed. Here C represents the cloudiness on the
scale 0 to 10. The velocity u was measured at 7 metres
and @3 and 645 represent the potential temperatures
at 30 and 4.5 metres. This result, which is obviously
in disagreement with our theoretical considerations
will be discussed later on.

This review of our present knowledge of the
eddy convectivity and eddy conductivity near the
ground shows that observations, which permit a further
analysis of the processes of exchange, are very
desirable. The observations in 1934 on Isachsen’s
Plateau, Spitsbergen, were planned with such analysis
in view.

4. Meteorological Observations over the
Snow Field on Isachsen’s Plateau.

A. Wind.

Instruments and observations. The expedition
had four anemometers, one electrically-recording contact
anemometer, (Fuess No. 23142), two small cup-ane-
mometers, (Fuess Nos. 4312 and 8685) and one hot-
wire anemometer after Albrecht (Fuess No. 24377).

The recording contact anemometer was placed
permanently at the top of a mast, which had been
transported up to the platean. The mast was made
of two iron tubes screwed together; it stood on a
foot of bamboo pieces and was held in position by
means of six wire stays. The stays were fastened
to long wooden pegs which were driven down into
the snow, but these had often to be fastened anew
since the snow melted rapidly. The anemometer was
fastened to the top of the mast with the cups seven
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metres above the snow surface. A wind vane by
means of which the direction of the wind was read
off once an hour, was placed below the anemometer.
An electrical contact was made for every 500 metres
of wind way. These contacts were recorded by means
of a chronograph in our living and working tent.
The drum of the chronograph made one revolution
in one hour.

One of the two small cup anemometers was placed
on top of a pole with the cups at 2 metres above
the snow surface, and the other on a second pole
with the cups at 30 cm. Anemometer No. 8685 was
used at 2 m from June 25, 17" to July 22, 16® and
in this period anemometer No. 4312 was used at
30 cm. They were changed over on July 22 at 16t
and remained in their new positions until at 8" on
August 16, when the work was discontinued. The
exchange was made in order to eliminate, if possible,
a systematic error of the total mean values, due to
errors in the constants of the two instruments. Both
anemometers were read once an hour.

The hot-wire anemometer was only suitable for
measuring very small velocities and was, therefore,
used as close to the snow surface as possible. The
instrument has four thin platinum wires mounted
vertically on a ground plate, the latter being fastened
to a handle in which the various resistances are
placed and from which a cable leads to battery and
galvanometer. When the anemometer was in use the
handle was stuck so deep into the snow that the
ground plate, that means the lower ends of the wires,
was level with the surface. The middle of the wires
was then about 3.3 em above the surface, but owing
to the rapid change of velocity near the surface it
has been assumed that with this instrument we measured
the wind velocity at an altitude of 4 em above the
snow. This height is, however, reckoned from the
top of the small irregularities of the snow surface.
These irregularities are a few cm high, and reckoned
from the bottom of the irregularities, the velocity
was probably measured at a height of about 6 cm.
The hot-wire anemometer could be used in dry weather
only. When it rained, or in the presence of fog,
drops of water collected on the wires and made the
readings worthless.

All anemometers except No. 4312 had been
calibrated by the makers shortly before our departure
and all were again calibrated after our return, and,
in addition, a great number of inter-comparisons were
undertaken in the field. Comparisons between the
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recording contact anemometer and one of the small
hand-anemometers could be undertaken on two occa-
sions only, namely on July 4, when the mast had
to be taken down for minor repair, and on August 16,
when the observations were discontinued. These
comparisons were undertaken at wind velocities be-
tween 1.5 m/sec. and 6 m/see. According to the
calibration by the makers, the mean hourly wind
velocity is obtained from the record by means of
the formula:

Recording contact anemometer No. 23 142:
v=20.9+ 0.0258 n,

where n is the number of contacts in one hour, but
our comparisons in the field indicate that this formula
was not valid at velocities smaller than 2 m/sec.
When the number of contacts per hour was smaller than
25, the corresponding mean hourly velocity has, there-
fore, been derived by means of the following table:

n v (m/sec.) n v (m/sec.)
25—23 2.1 13—12 1.6
22—21 2.0 11— 9 1.5
20—19 1.9 8— 6 1.4
18—17 1.8 b— 8 1.3
16—14 1.7 2— 1 1.2

This procedure is, however, somewhat doubtful, and
the lowest velocities as recorded by the contact ane-
mometer, are, therefore, uncertain.

The calibrations of the two hand anemometers
gave the following results:

v-=0.64+0.0151n
v=0.54+9.0168n

Hand anemometer No. 8685:
Hand anemometer No. 4312:

where n is the number of revolutions per minute.

On the plateau inter-comparisons between these
two anemometers were undertaken on 19 days, as a
rule, in periods lasting 5 minutes. When the velo-
cities are computed by means of the above formulae
they agree within 0.1 m/sec.in 7 cases, in 6, the
velocity of No. 8685 is greater, and in another 6 it
is less, than the velocity of No. 4312. The average
difference, regardless of sign, is 0.1 m/sec., but taking
the sign into account the difference is —0.03 m/sec.
In the single cases the differences lie between 0.2
and —0.3 m/sec. and show no systematic variation
with the velocity. The latter feature indicates that
the differences are due to accidental variations of
the constant term. Such variations may be caused

THE EDDY CONDUCTIVITY OF THE AIR OVER A SMOOTH SNOW FIELD 23

by lack of lubrication, condensation of moisture, or
similar circumstances which are difficult to control.
The differences never remained systematic for longer
periods and it has, therefore, been considered advis-
able to disregard them and always to compute the
velocities by means of the above formulae. The
hourly values which are obtained in this manner
may be as much as 0.5 m/sec. wrong, and even the
mean daily values may be 0.3 m/sec. in error. It is
probable that these errors generally tend to make
the wind velocities too small since the factors which
exert an influence upon the constant term cause this
to increase. Errors of this magnitude may have a
considerable influence upon the differences between
the observed wind velocities at 2 m and 0.3 m, and
the ratio between these velocities, the influence being
greatest at small velocities.

At small velocities our values are probably too
great. The formulae are valid only if the cups are
in continuous motion, but if the wind is very weak
the cups may be at rest for long periods. ILet us,
as an extreme case, assume that the cups of ane-
mometer No. 8685 made 300 revolutions in 10 minutes
and that in the remaining 50 minutes the wind velocity
was zero. Then the average velocity in one hour was
0.18 m/sec. (1.05 m/sec. in 10 seconds and 0.00 in
50 seconds). If we, however, assume that the cups
turned continuously, we obtain an average velocity of
0.67 m/sec. The errors, which arise in this manner,
are smaller than in this example but they tend, no
doubt, to increase the small velocity.

More serious errors arose on some occasions
because of the formation of frost on the instruments.
The two hand anemometers at altitude 2 m and 0.3 m
could, as a rule, be kept free from frost since they
were read off and looked after once an hour and
were easily accessible but the recording anemometer
at an altitude of 7m could not be cleaned and in
some periods with temperature below freezing point
and with fog it has recorded too low values. The
cases in which the recorded velocities are doubtful
owing to formation of frost are indicated in the tables.

In the case of the hot-wire anemometer the
readings were made on a galvanometer and afterwards
converted to wind velocity in m/sec. by means of a
calibration curve. Calibrations which were undertaken
by the makers before the departure and after the
return gave both very similar curves, but the com-
parisons on the plateau gave deviating results. On
the plateau inter-comparisons between the hot-wire
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for the hot wire anemometer.

anemometer and the hand anemometer were under-
taken in the following manner. The hot-wire ane-
mometer and one of the hand anemometers were
exposed at the same altitude; the former being read at
intervals of 10 seconds, the latier every minute.
The mean values for one minute of the readings of
the hot-wire instrument were compared with the
corresponding one-minute value of the hand anemo-
meter and in this manner 64 comparisons were obtained,
51 between the hot-wire anemometer and the hand
anemometer No. 8685 and 13 between the hot-wire
anemometer and the hand anemometer No. 4312. The
results are shown in fig. 5 in which a curve has been
drawn. This curve has the same shape as the calibration
curve supplied by the makers but lies lower. If has
not been possible to find a satisfactory explanation
of the discrepancy between the resunlts, but when
converting our readings we have made use of the
curve which was determined on the plateau by com-
parison with instruments which in the same period
were used at other levels. We have, furthermore,
extrapolated this curve to velocities lower than the
observed ones, taking the shape of the other calibra-
tion curve into account. In this manner comparable
observations are obtained from all levels.

Tabulation of the observations.

From the records at 7 metres, mean half-hourly
values of the velocity were computed and by means
of these a curve showing the velocity at 7 metres
as a function of time was constructed for each day.
Furthermore, hourly values, centred on the full hours,
were computed.
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From the readings of the anemometers at 2 and
0.3 metres the mean velocities in the intervals be-
tween two readings were computed. These intervals
were not always exactly one hour because the different
observations could not always be taken at the same
minute. The mean velocities were entered on the
grapbs below the curves at 7 metres, and curves
showing velocities at 2 and 0.3 metres were con-
structed, taking into account the shape of the more
accurate curve for the upper level, except on days
when the record at 7 metres evidently was erroneous
owing to formation of ice. From these curves, mean
hourly velocities, centred on the full hours, were
read off.

Observations with the hot-wire anemometer were,
when the weather permitted, taken for 10 to 15
minutes every hour. In these minutes five readings
of the galvanometer were made. The galvanometer
needle was, as a rule, moving to and fro. It was,
therefore, watched for a fraction of a minute and the
average position was recorded. From these average
readings the mean value was computed and converted

to m/sec. by means of the calibration curve. The

mean values were entered on the same graphs as the
other observations and, finally, a curve was drawn
showing the velocity at an altitude of 4 cm as a
function of time, taking the shape of the curves at
the other levels into account. From the curve, mean
hourly values were finally read off.

All hourly values are given in table I. The first
line of the table gives the direction of the wind
which was read off once every hour by means of the
wind vane at the top of the mast.

B. Temperature and Humidity.

Instruments and Observations. Temperature and
humidity were determined simultaneously by means
of aspirated psychrometers. We had two psychro-
meters, one ordinary Assmann psychrometer, and one
of similar pattern but supplied with reversing thermo-
meters as suggested by Béhnecke (1933). The latter
instrument had been acquired for measurements of
temperature and humidity at different levels along
the mast. By means of a simple arrangement it was
hoisted up to the level at which the measurements
were to be undertaken. As a rule, the ventilator
was set in function immediately before hoisting the
instrument up, although it was provided with a device
which permitted us to release the ventilator when the
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instrument had reached its proper position, but we
soon found that no error was introduced if the ventilator
was running during the hoisting. When the instrument
had been brought to its proper level, it was left
undisturbed for some minutes in order to give the
thermometers time to adjust themselves to the existing
conditions. Four or five minutes were, as a rule,
sufficient, but occasionally the observations had to be
repeated several times before trustworthy readings
were obtained. This happened especially when the
air temperature was slighty above freezing point and
the air was so dry that the wet bulb would show a
negative temperature. In these circumstances the
adjustment of the wet bulb took a very long time
and occasionally the observations had to be repeated
three or four times before satisfactory results were
obtained. After a sufficient exposure the instrument
was reversed by pulling a string, it was lowered in
reversed position and in this position the temperatures
of the two reversing thermometers were read off.

The instrument funectioned, as a rule, in a very
satisfactory manner, but some of the ordinary trouble
met with when dealing with reversing thermometers,
occurred. It happened for example that the mercury
column would break off in a wrong place and then
the thermometer had to be knocked or heated before
it again functioned normally.

By means of the reversing psychrometer, temper-
ature and humidity were observed once an hour at
an altitude of 5 metres. The instrument was, as a
rule, also used for measurement of the temperature
at 1 meter as well, in order to obtain a check of the
readings by this instrument and the readings of an
ordinary Assmann psychrometer. The latter was used
for measurement of the temperature and humidity at
1 meter and as close to the snow as possible. In
order to undertake the last-mentioned observation the
psychrometer was suspended vertically with the
openings for the air currents only a few millimetres
above the snow (8 to 5 mm). It must, however, be
considered that the air, which is drawn in through
the openings by the ventilator and passes the bulbs
of the thermometers, is not drawn in horizontally,
but is sucked down from higher levels. Nothing
would be gained by placing the instrument in a
horizontal position, because the air in that case would
also be drawn from some higher level and the actual
altitude to which the measured air temperature should
be referred would have to be determined in that
case as well.
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In order to find this altitude, and also to examine
the temperature distribution at the lowest metre in
greater detail, several series of measurements were
undertaken by means of a thermo-couple. When
such measurements are to be undertaken the thermo-
junction, which is to assume the temperature of the
air, must be protected against radiation. After several
attempts, Mr. Knudsen succeeded in constructing a
protection which was sufficient when the radiation
income was small and when the wind velocity was
greater than about 1 m/sec. This instrument could
be used at a distance of a few centimetres from the
surface if the radiation income was small and the
wind velocity at 2 metres was higher than about
2.5 m/sec., but at lower velocities the values near the
surface were influenced by radiation, since there the
ventilation of the instrument became unsatisfactory.
Thus, the measurements could be undertaken only
between 18P and 6h if the wind was not too weak,
and, in order to obtain trustworthy results, when the
temperature varied rapidly with height. These con-
ditions were not often fulfilled simultaneously and,
therefore, such series were obtained on four occasions
only. The results of these series are:

7 series between July 22nd, 210 and July 23rd, gh:
Average wind velocity at 2 m: 3.67 m/sec.
Heights in ecm........... 100 50 20 b X
°C —1.84 —1.74 —1.67 —1.49
—1.87

Temp. by thermo-couple,
Temp. by Assmann, °C. ... ~-1.46

18 series between July 23rd, 181 and July 24th, 61
Average wind velocity at 2 m: 4.12 m/sec.
Heights in em........... 100 50 20 ) X
Temp. by thermo-couple, °C —1.44 —1.88 —1.83 —1.20

Temp. by Assmann, °C.... —1.45 ~-1,20

9 series between August 4th, 18N and August 5th, 6h:

Average wind velocity at 2 m: 2.22 m/sec.
Heights inem........... 100 50 18 ) X

Temp. by thermo-couple, °C  3.25  2.84 246 1.94

Temp. by Assmann, °C.... 8.36 1.88
5 series between August 18th, 18D and 22h:

Average wind velocity at 2 m: 2.58 m/sec.

Heights in em............ 100- 50 20 b X

Temp. by thermo-couple, °C  1.54 142 1.34 112

Temp. by Assmann, °C.... 156 0.92

The values are represented in fig. 6 where the
observed temperatures are plotted against log z. It is
seen that the temperature distribution is nearly always
a linear function of log z and by entering on the
diagram the values ohserved by the psychrometer

4
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Fig. 6. Vertical variation of temperature near the ground according
to observations with thermo-couples.

directly above the surface, one finds the following
values of the height in cm: 4.2, 5.0, 1.2 and 4.8.
As an average value we have adopted 4 em. This
result has been confirmed by a number of simultaneous
measurements made between August 5th and 13th,
using the psychrometer directly above the surface
and the thermo-couple at 4 em. In the hours between
18 and 6 the difference between the readings of the
two instruments is a function of the wind velocity
and approaches zero when the wind velocity at 2 metres
surpasses 3 m/sec.

At low wind velocities the thermo-couple gives
too high temperatures, evidently because the instrument
is influenced by radiation if the ventilation is small.
The fact that at 1 meter the corresponding differences
are negligible, indicates that correct temperatures are
obtained by the thermo-couple if the ventilation is
sufficient.

The thermometers of the two psychrometers were
frequently controlled. The zero points of the thermo-
meters of the ordinary Assmann were determined on
several occasions in melting snow. In the case of
the reversing thermometers the correctness of the
reading of the wet bulb could be ascertained by
reversing the thermometer at a time when the water
on the muslin was freezing, and the two thermometers
could be compared on wet days when the humidity
was 100 per cent because then both should give the
same reading. The agreement between the two
instruments was, as a rule, very good, but on some
occasions rapid fluctuations of the temperature occurred,
as evident from observations with the thermo-couple,
and then the time difference between the readings
of the two instruments explains existing discrepancies.
In such cases the observations were often repeated
in order to obtain several values distributed over a
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somewhat longer period. Uncertainties of the final values
are, therefore, principally due to lack of simultaneity
and lack of knowledge when the fluctuations of the
temperature are involved.

The series of temperatures at the three altitudes
are without any serious gaps, although one of the
instruments was often out of function. We had not
obtained any spare springs for the clockwork driving
the ventilator and, owing to the constant use of the in-
strument, the wear on the spring was great. The springs
accordingly broke several times but Mr. Knudsen
succeeded in repairing them. After 201 on August 4th
all observations were, however, taken with the reversing
psychrometer as on that day the clockwork of the
ordinary Assmann was damaged beyond repair.

In the case of humidity, however, some large
gaps ocecur, the reason being that at temperatures
around freezing-point measurement of the humidity
by means of a psychrometer is often difficult, as the
adjustment to the correct temperature reading takes
a long time if the water, which is applied to the
muslin cover of the wet bulb, freezes. It happened
that we used as much as one half hour in order to
obtain a result which could be considered as correct.
At first we did not pay enough attention to this
circumstance and most gaps occurred then, but it has
been possible to fill in a number of gaps by inter-
polation, taking into account trustworthy values at
neﬂighbouring levels.

During a short period when the Assmann psychro-
meter was under repair, the temperature at an altitude
of 4 cm was measured by means of the thermo-couple.
The relative humidity at 4 cm is, therefore, lacking
for this period, but during the greater part of the
time we had dense fog and relative humidity about
100 per cent at 1 meter, for which reason it has been
assumed that the humidity was 100 per cent at 4 cm.

Tabulation of the results. From the observation
of temperature and humidity with intervals of one
hour, mean hourly values have been derived. Curves,
representing the temperature and humidity as functions
of time at each level, have been drawn. The courses
of these curves were well determined when the elements
varied slowly, ‘but on days with rapid fluctuations the
curves were uncertain. The latter drawback was to
some extent reduced by the circumstance that in such
cases several readings had often been taken at the
same level, distributed over a period of about 15
minutes. From the curves the hourly mean values,
centred on the full hour, were read off. These values
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are given in tables II and ITI. Values which have
been obtained by interpolation are indicated especially
only when it was necessary to interpolate several
values in succession.

C. Clouds and Cloudiness, Fog and Precipitation.

The cloud forms, cloudiness and hydrometeors
were recorded once an hour. The cloudiness and the
hydrometeors are given in table IV. Our observations
of the cloud forms are not published since they are
of no special interest to the following discussion.

The amount of precipitation was measured twice
a day, at 7t and at 19", an ordinary rain gauge being
used. Only rain fell in measurable quantities, the
amounts of snow, which fell on a few occasions,
proving too small to be measured. The measured
amounts of precipitation are given in table V.

5. The Vertical Variation of Wind Velocity,
Temperature and Vapour Pressure.
Empirical Results.

A. Vertical Variation of Wind Velocity.

From the values in table II it is evident th‘d’u,
in most cases, we met stable conditions since the
temperature, on an average, increased with elevation.
An inspection of the table shows, however, that the
stratification was instable on several days and that
indifferent equilibrium occurred on some occasions.
In view of the theoretical results, the rational proce-
dure is to examine the variation of velocity with
elevation at instable, indifferent, and stable stratifi-
cation.

Let us first consider the conditions when the
stratification is instable or indifferent. Omitting the
cases in which the recorded velocity at 7 metres
undoubtedly was in error owing to deposit of frost
on the instrument, we find the values in table 1.

Cases with very small and with moderate wind
velocities have been treated separately, especially
since observations from 4 cm are so frequent at low
velocities that averages for four levels could be com-
puted. The relative values appear to reveal some
difference between the conditions with weak and
moderate wind, but it must be taken into account that
the weak velocities are uncertain when measured with
a cup-anemometer as was the case at all levels except
at 4 em. The relative error increases with decreasing
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Table 1. Average values of wind
velocity and potential temperature at instable or
indifferent equilibrium.

Average velocity at2 mand 30 cm | < 2 m/sec. > 3 m/sec.
. o —0.2 o —0.2
Temperature difference, ~C <—0.2 t0 0.2 <—0.2 t0 0.9
‘Wind velocity 700 cm 1.63| 1.82| 4.89| b5.24
in m/sec. 200 cm 1.59) 1.64| 4.36| 4.72
at levels 30 cm 1.02] 1.06| 3.22 3.81
4 cm 0.63; 0.71
Velocities 700 cm 1.03} 111 112| 111
relative to 200 cm 1.00f 1.00| 1.00| 1.00
velocity at 30 cm 064 065| 073 0.70
200 cm 4 cm 0.40]| 043
Potential ‘ 500 ¢cm |—2.54[—0.49 |—1.85 |[—0.68
temperatures °C 100 cm [—2.471—0.56 |—1.81 |—0.70
at levels J 4 cm |—1.75}—0.53 |—1.22 |—0.72
Number of hours ............ 40 57 30 70

velocity and this feature explains perhaps that the
ratio u,,/U,,, is smaller with weak than with moder-
ate velocities. The fact that the ratio u,q,/tyg, iS
very small under instable conditions and with weak
wind may be due to the circumstance that we have
not succeeded in eliminating all cases in which the
anemometer at 7 metres was coated by frost.

In fig. 7 the relative values of the velocities are
plotted against log z. It is seen that, in spite of the
scattering, they group themselves fairly well around
a straight line. Thus, the variation of velocity with
elevation can be approximately represented by a
logarithmic formula. If we introduce a formula of
the type (11) we obtain:

Zo ==0.23 cm.

This value of the roughness parameter is nearly
the same as the value which was derived from Best’s
observations over a smooth cricket field. The snow
surface was actually very smooth and it is, therefore,
probable that our value is approximately correct.
Thus, our observations are in good agreement with
the theoretical conclusions, if the conditions are in-
stable or indifferent.

In order to use the most trustworthy observations
for an examination of the influence of stability we
have selected the data from hours with southerly
wind and with positive temperatures both at 4 cm and
500 em. Under these conditions errors due to for-
mation of frost are avoided. We find 285 hours
during which these conditions are fulfilled. We have



l
| | © o
x Uy =40, instable
+  ——  indifferent
25— o0 Uy, <20 (nstable 4
o —»— indjfferent ®
20 /
15 S0 4%
N /
%
~ /
1.0
&/0
05 —-A—
Uz
Y200
0% 06 08 10

Fig. 7. Relative velocity as function of log z under
instable or adiabatic conditions.

again treated separately the cases with weak and
moderate velocity and have, furthermore, undertaken
a grouping according to the temperature at 5 metres.
The results are presented in table 2 which also con-
tains the average potential temperatures and vapour
pressures.

An examination of these data shows that under
stable conditions the variation of velocity between
30 cm and 700 cm is, as a rule, represented better
by a power law of the type (4) than by a logarithmic
law. In figs. 8 and 9 the logarithms of the relative
velocities are plotted against log z. At weak velocities,
when the ratios are somewhat uncertain, the values
fall on a straight line only when the stability is very
great but none of the other values fall much outside
of this line which gives n-+-4.3. At moderate velo-
cities the power law gives within each group a good
approximation, but n decreases with increasing stabi-
lity. Three lines are, therefore, entered in fig. 9 and
these give n-=6.3, n 5.9 and n==5.5 respectively.
We may also compute n directly from the values in
table 2, using the method of least squares, and obtain

Group No.: I 1I III v A\ VI

Computed values of n: 43 4.2 42 6.2 59 54
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Table 2. Average value of wind velocities,
potential temperatures and vapour pressures on
days with southerly wind and positive

temperatures.

Average velocity at o

9 m and 80 cm < 2 m/sec. > 3 m/sec.

Temperature at | 0°to | 1.0° | ! 0°to 0.9 to 00

5m, °C 0.9° |to 2.4 |7 2% | 0.9° | 1.9° |79
‘Wind velocity
700cm § 1.85 | 226 | 1.97 | 555 | 5.49 | 5.80

in m/sec. 200 cm | 1561 | 162 | 146 | 4.77 | 4.54 | 4.6
at levels. 30 cm | 0.90 107 ) 092 | 8.39 | 3.22 | 3.24
Velocities

relative 700 ecm | 1.22 | 1.89 | 1.85 | 1.16 | 1.21 | 1.25
to velocity 200 em | 1.00 | 1.00 | 1.60 | 1.00 | 1.00 | 1.00
at 200 cm 80 c¢m | 0.60 | 0,66 | 0.63 | 0.71 | 0.71 | 0.70
Potential
tempera- 500 cm | 0.70 | 1.88 | 4.87 | 0.62 | 1.33 | 3.15

tures in 100 cm | 0.62 { 140 | 370 | 0.54 | 1.07 | 2.53

°C 4cm | 042 ) 0.84 | 1.92 | 034 | 0.76 | 1.61
at levels.
Vapour :

pressures 500 cm | 4.77 | 518 | 6.15 | 4.64 | 4.89 | 5.58
in mm Hg 100 cm | 4.76 | 5.06 | 5.76 | 4.65 | 4.85 | 5.40
at levels . 4cm | 465 4.87 5.15 4.61 480 1| 518
Number of hours 16 33 25 39 60 35
Group No. ...... I 11 1L v \' Vi

Thus, we obtain that at
about 4, whereas at moderate velocities n decreases
with increasing stability, but remains considerably
higher than 4 under the conditions which are present.

! I
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Fig. 8. Logarithm of relative velocity as tunction of log z
under stable conditions. Weak velocity.
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Table 3. Average values of wind
velocities, potential temperatures and vapour
pressures on days with southerly wind and
positive temperature.

Average velocity at 2 m and 30 cm 2.1to 3.0 to

in m/sec. <20 2.95 8.95 >4.0
Wind velocity 700 em | 2.07 | 3.74 | 497 | 6.63
in m/sec. 200 cm | 1.65 | 2.96 | 4.06 | 5.60
at levels 30 cm | 0.98 | 2.08 2.84 4.00
Velocities l 700 cm | 1.83 { 1.26 | 1.22 | 1.18
relative to 200 ¢m | 1.00 | 1.00 1.00 1.00
velocity at 200 ¢cm J 30cm | 063 | 0.68 | 0.70 | 0.72
Potential 500 cm | 2.68 | 2.22 | 1.67 | 1.48
temperatures in °C 100 cm | 2.02 | 1.65 | 1.883 | 1.25
at levels 4 cm | 1.12 1.00 | 087 | 0.84
Vapour pressures l 500 cm | 5.42 [ 519 | 4.99 | 4.96
in mm Hg. 100 ecm | 5.23 | 506 | 492 | 4.89
at levels I 4dem | 492 | 489 482 | 481
Number of hours ............ 74 ki 84 50
Values of m ................. 4.2 5.2 5.6 6.2
Group No................. ... VII | VIII IX X

It will be shown that this result is also in perfect
agreement with the theoretical conclusions. .

When the data which we use for an examination
of the stability are grouped according to the velocity
at 2 metres, we obtain the mean values in table 3
which also contains the average potential temperatures
and vapour pressures.

The value of n increases regularly with in-
creasing velocity and we obtain a similar result if

[ l 2|,
o ° P
o 0.0 <2y, <10 17
o 09 <1)500 <20
25_-—%x 20 <1)500 /
5]
2-0 N
3
Yoo * Uso
15 /?,
Uz
Log +—
T V200
78 19 20 21

Fig. 9. Logarithm of relative velocity as funection of log z
under stable conditions. Moderate velocity.

THE EDDY CONDUCTIVITY OF THE AIR OVER A SMOOTH SNOW FIELD 29

| l W

o All hours with obsv. at 4cm. * /"/
. -
x All other hours e
60— . . -
+ Hours with S- wind _“a
x e
[+
e
55—6 —T -
e
S L7
v
3 :
50 8
(o]
s
X
45
/
e/ !
/

" Velocity at 2m. in m/sce.

|
1-0 20 30 40 50

Fig. 10. Relation between the velocity at 2 m
and the value of n.

this investigation is based upon the entire material
and not upon a selected part of it (Sverdrup, 1935 a).
In fig. 10, n is represented as a function of wuyg,.
Values which have been derived from all observations
and from observations with southerly wind only, are
indicated separately. It will be shown that the increase
of n with increasing velocity may be due to the in-
fluence of stability.

It should be noted that at high velocities and
relatively small stability the logarithmic law gives
better approximation than the power law. This is
evident from fig. 11 in which the velocities in
Groups IV and X are plotted against log. z. It is
seen that within these groups the three points fall
nearly on the same straight line.

B. Vertical Variation of Temperature.

Tables 2 and 3 contain the vertical distribution
of the potential temperature under stable conditions
and at different velocities, and in cases when the
temperature of the surface was zero degree, If com-
plete similarity existed between the variation of
temperature, the temperature variation should in these
cases be represented by the equation:

1
Z+z AT
(i:KIn———_l~ ® or H-:b'l(—\"
: z, z,

where z, or n should have the values which were
derived from the wind observations.
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Fig.11. Velocity as function of log z. High velocity
and small stability.

We may expect the logarithmic law to be approxi-
mately valid if the wind velocity is high, or if the
velocity is moderate and the stability small (Groups
IV and X), as in these cases the wind variation can
be represented by a logarithmic law., This expectation
is fulfilled but we obtain the values z,=0.0072 cm
and z,=0.012 cm, and these are less than one twen-
tieth of the value derived from the wind observations.
It was previously shown (fig. 6 p. 26) that the tem-
perature variation approximately follows a logarithmic
law up to an altitude of 1 metre. If we especially
consider the observations with thermo-couple at the
levels 50 ¢cm, 18 cm and 5 em on August 4th to 5th
we find that they can be represented by means of a
logarithmic law with z,=0.082 em. This value of
z, is somewhat greater but is still far too small.

Thus we arrive at the result that z, is much
smaller when dealing with temperature variation than
when dealing with velocity variation and this con-
clusion is confirmed by the temperature observations
above the sea which have been undertaken by Wiist
(1920), who found:

Height in cm 0 20 50 120 200
Average temp.

°C...... 15.27 14.32 14083 13.88 13.80
Difference in

potential

temp. .... 0.00 —0.95 —1.24 —1.38 —1.45

The temperature at the level z=0 represents
the temperature of the sea surface. In the last line
the differences in potential temperature between the
surface and the various levels are given, and in fig. 12
these differences are plotted against log z. They
group themselves fairly well around a straight line
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which gives z,=0.26 cm. From simultaneous wind
observations, Rossby and Montgomery found z,=4 cm,
or, in agreement with our results, a much greater
value.

These results imply that A4 and % cannot be
identical in the immediate vicinity of the boundary
surface. If we assume that conditions are stationary and

du df
== const. and Q= cpAZE = const.,
and that both velocity and temperature distributions
are given by logarithmic laws, we obtain:

n=K, (z+z,) and A=K, (z+ z;).

Since z, and z, both are very small quantities we
have A=w# at some distance from the surface if
K,=K,. Very near the surface we have:

A z4z) A4 zy 1
— == —— Or: .
N zZ+z 7 zg 20

The explanation of this result is probably that
a semi-laminar boundary layer exists (see p. 18) within
which the transfer of momentum and heat follows
different rules. We may conceive that a small air-
mass, which replaces one portion of the semi-laminar

MEEAN
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Fig. 12. Temperature differences as function of log z
according to Wiist’s observations over the sea.
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boundary layer, comes completely to rest and, thus,
in a very short time attains velocity zero, but that
it does not immediately attain the temperature of the
surface. This would imply that at the surface mo-
mentum is lost more rapidly than heat, for which
reason the temperature gradient at the surface becomes
relatively greater than the velocity gradient.

Instead of introducing a value of A which very
near the surface is smaller than the corresponding
value of 5 and approaches » rapidly with increasing
height, it is better to introduce a value of A which
is identical with # from a certain distance and up-
wards, and disregard conditions in the immediate
vicinity of the surface, or within the semi-laminar
boundary layer. We can do this by writing:

6 6,=Klog 220

Zg
where z, is now identical with the value derived from
wind observations and where 6, means the tempera-
ture of the air at z=0 which now is supposed to
differ from the temperature of the surface. In Groups IV
and X, dealt with above, we obtain §,=0.45° and 0.17°
respectively, instead of zero. These and other values

will later on be used for a computation of the average

thickness of the semi-laminar boundary layer.

In all other cases in which the temperature dis-
tribution cannot be represented by a logarithmic law,
it can, with great approximation, be represented by a
power law. If we determine n on the assumption
that 6’0=O°, we find, however, other values of n
than those derived from the wind observation. This
is quite in agreement with the fact that we found
other values of z,. In that case we assumed the
values of z, to be identical and found that the air
temperature at z=0 differed from the temperature of
the surface. Similarly we now introduce the values
of n which are derived from the wind observation
and obtain 6,>>0°. This actually implies that, looking
away from the processes in the immediate vicinity of
the surface, we assume A=y below 7 metres even
under stable conditions, an assumption which already
has been justified by means of Taylor’s criterion
(p. 18). The correctness of this assumption is, further-
more, supported by the fact that the values of n,
which are computed by means of the temperature
distribution putting #,-=0°, are greater than the corre-
sponding values of n from the velocity distribution,
If this were correct it would mean that A increased
more rapidly with elevation than %, and since A and z

THE EDDY CONDUCTIVITY OF THE AIR OVER A SMOOTH SNOW FIELD 31

must be practically identical at a short distance from
the surface, it would mean A>># at a greater eleva-
tion. This, probably, cannot be the case and, there-
fore, we are justified in proceeding in the manner
which was deseribed.

In order to explain that we obtain 6,> 0° we
must again consider the semi-laminar boundary layer
and assume that within this layer the transfer of
momentum and the transfer of heat take place accord-

ing to different laws.
1

Writing 6=46, + A 6,z%, we obtain from the
average values in tables Nos. 2 and 3:

Group No. I 11 I1I v v
b,: 0.26 0.36 0.63 0.11 0.31
48, 010 0.35 0.99 0.19 0.36

Group No: VI VII VIII IX X
6,: 0.55 0.42 0.19 0.28 0.30
L8 0.83 0.52 0.61 0.46 0.44

It may be added that we can write 6,=A 6,
1 1

(z+2,)" , (see p. 9) and obtain 6,=2 6,z,". With
z,=0.25 ecm and with the above values of A4, and
the values of n which are given on pages 28 and 29
we obtain:

Group No. I 1T IiI v v
8,: 0.07 0.26 0.71 0.16 0.28

Group No. VI VII VIII IX X
6,: 0.64 0.37 0.47 0.36 0.37

These values do not deviate very much from
the values of 6, and the vertical variation of tempera-
ture is, therefore, well represented by an equation of
the type (26) p. 9.

We have until now considered the vertical dis-
tribution of temperature under stable conditicns, but
have used selected observations only (southerly wind
and positive temperatures at all levels). The results
are similar if we consider all other observations which
are taken under stable conditions except in the situa-
tions in which we had a geostrophic wind with a
maximum velocity below 7 metres. Such conditions
were present on August 11th to 15th. On these days
we find an unusual large increase of temperature be-
tween 1 m and 5 m which indicates that A (and 7)
decreased with height above a level of 1 to 2 metres.

When instable conditions prevail, the temperature
decrease between 1 m and 5 m is, on the other hand,
exceptionally small, as seen from the values in table 1,
page 27. This may indicate that at short distance
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from the boundary surface the turbulence attains
another character if the stratification is instable, but
our observations are insufficient for a further discus-
sion of this question. We are here mainly concerned
with the conditions in the immediate vicinity of the
boundary surface and there the variations of velocity
and temperature are similar, as evident from a com-
parison between figs. 6 and 7. Both variations can
be represented by logarithmic laws.

Our final conclusion is, therefore, that the vertical
variation of temperature can be represented by a
logarithmic law of the type (11) if (i) conditions are
instable, but in that case the law is valid for a few
metres only, or (ii) if conditions are stable but the
wind velocity strong. If conditions are stable, we
must, however, generally use interpolation formulae
of the types: 1 1

=04+ 2 6,27 or 9=/, (z—!—zo);

where 6, is a fictive air temperature at the level z=0.

C. Vertical Variation of the Vapour Pressure.

On days with southerly wind and positive tempera-
tures the vertical variation of the wapour pressure is
quite similar to the variation of temperature. The
average values at 500 c¢m, 100 cm and 4 cm are given
in tables 2 and 3.

Under the stated conditions the vapour pressure at
the surface must be equal to the maximum pressure at
zero degree, 4.58 mm, but if we attempt to represent
the differences (¢ —4.58) by means of a logarithmic
law in the case of strong wind and small stability,
or by means of power laws in all other cases, we
obtain values of z, which are smaller than those
derived from the variation of velocity, or values of n
which are greater. If we introduce the values of z,
or n which are obtained from the velocity distribu-
tion we obtain a vapour pressure at z == 0 which is
greater than 4.58. Introducing a logarithmic law
when dealing with the values in group X, which
were previously treated in a similar manner we ob-
tain e— 4.8 = 0.13 mm. By means of a power law

we obtain from the data in tables 2 and 3, writing:
1

e—=eg,— 458+ A ele:

Group No. I 1T III v '

e,—4.58: 0.03 0.16 0.14 0.01 0.14
Loe: 0.04 0.10 0.33 0.02 0.06

Group No. VI VII VIII IX X

e,—4.58: 0.33 0.12 0.11 0.11 0.11
Soepr 0.21 0.17 0.15 0.10 0.10
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If we consider groups VII to X which contain
all data, we obtain the average value ¢,—4.58=0.11,
or 6,=4.69 mm. The corresponding value of the tem-
perature 6, is 0.31°, at which temperature the maximum
vapour pressure is 4.68 mm. On an average the value
of e, represents, therefore, the maximum vapour pres-
sure at the computed temperature 6,. This indicates
that within the semi-laminar boundary layer the
temperature and the vapour contents are transferred
nearly according to the same law.

The question whetber or not the vertical variation
of vapour pressure is similar to the variation of tem-
perature, is of considerable importance. In the above
cases the variations are similar, but the agreement
is of no value, since the air vas practically saturated
with water vapour and since the vapour was trans-
ported towards the surface. Under these conditions
the variation of the vapour contents is not independent
of the variation of temperature.

In order to examine if similarity actually exists
we have to study the cases in which the temperature
increased and the vapour pressure decreased with
height. Under these conditions the air is very dry,
heat is conducted towards the surface, water vapour
away from the surface, and the distribution of water
vapour is independent of the distribution of tempera-
ture. Unfortunately, our determinations of the vapour
pressure are less accurate in the cases in question
(see p. 26), but omitting the most uncertain values
we find the data in tables 4.

Mean values are computed for three velocity
groups. In the middle group the temperature difference
between 1 m and 5 m is very great, indicating that
cases have been included with geostrophic wind. The
vapour pressure shows, correspondingly, an abnormal
decrease and there exists, therefore, agreement be-
tween the variation of temperature and vapour pressure.
Turning to the two other groups, we find that the
vertical distribution of temperature and humidity can
be represented very closely by the equations

1 1

(1) 6=—0.74°+0.72250 e—4.49—0.162"".

1 1

(62) 6=—119"+0532"7 ¢=452—0.3025.

Thus, the distribution of temperature and vapour
pressure are quite similar even when these distribu-
tions are independent of each other. Since the variation
of vapour pressure is independent of processes of
radiation it follows that the vertical variation of tem-
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Table 4. Average values of wind, potential
temperatures and vapour pressure from hours with
low relative humidity.

Average velocity at 2 m 2.0 to

and 30 cm in m/sec. <20 2.95 =30
Wind velocity 700 cm 1.54 2.73 5.53
in m/sec. 200 cm 1.36 2.25 4.85
at levels 30 cm 0.81 1.46 3.23
Velocities 700 cm 1.18 1.21 1.14
relative to 200 cm 1.10 1.00 1.00
velocity at 200 cm 30 cm 0.60 0.64 0.67
Potential 500 cm 1.74 1.60 0.34
Temperature in °C 100 em 1.09 0.79 0.01
at levels 4 cm 0.20 0.16 |—0.54
Vapour pressure 500 cm 3.94 3.86 3.64
in mm Hg. 100 cm 4.01 4.01 3.86
at levels 4 cm 4.18 4.18 4.14
Number of hours............. 44 32 34
Value of n.............. .... 5.0 5.1 5.9

perature within the lowest metres is also independent
of processes of radiation and depends upon the tur-
bulence only. We must add the reservation that condi-
tions may be different when the vapour content is
very great. .

We encounter, however, a serious difficulty when
we are to interpret the contents of the above equa-
tions (51) and (52). Since the temperature increases
with height and the vapour content decreases, it is
evident that heat is transported towards the surface
but vapour is transported away from the surface.
Evaporation takes place. It follows that within the
semi-laminar boundary layer the temperature must
increase with elevation but the vapour pressure must
decrease. Assuming conditions to be similar to those
which were found when the surface was melting, we
obtain that the surface temperature must have been
approximately —0.9° and --1.4°. At these tempera-
tures the maximum pressure of the water vapour over
ice, is, however, 4.25 mm and 4.08 mm respectively
whereas we, from our equations, should have expected
values greater than 4.49 mm and 4.52 mm. The dis-
crepancy seems too great to be explained as a result
of errors of observations. .

This is the only case in which the observations
do not fit into the system, which, otherwise, appears
to be very satisfactory. The low temperature near
the surface is in this case, no doubt, the effect of
cooling due to evaporation; our observations show
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clearly a “psycrometer effect.” There seems, however,
to be no reason why the exchange in this case should
follow other laws, and the discrepancy, perhaps, shows
that our system is more or less incorrect. In view
of the fact that this system, on the whole, is satis-
factory, it is hoped that a more detailed study of
similar conditions will lead to an explanation.

D. The Average Thickness of the Semi-Laminar
Boundary Layer.

We can compute the average thickness of the
semi-laminar boundary layer if we assume that out-
side of the boundary layer the eddy conductivity up
to an altitude of 30 cm is a linear function of (z+z,)
and can be represented by the formula (12) (p. 7):

Uy

A=pki(z+zy) 30

where k,=0.38. It will later on be shown that this as-
sumption is approximately correct. Withp-=1.17><10" 3
and z,=0.25 cm we obtain.

A=0.35<10"4u,, (z +z,).

Furthermore, we assume that below 1 metre
the temperature distribution can be represented by
a logarithmic law (p. 17). From the observations in
100 cm and 4 cm we obtain

K= 8190 0s — 8100 — B4
In (100 + zy) —In (4 +2zy) 3.16
and
In (100 +2,) —1Inz
0y = 8100 — ( 0) 2 (9100— b)) =

In (100 +z,) —1n (4-+z,)
= 0,00~ 1.90 (6,9o— 04), if z,= 0.25. Therefore

df 1
— =0.: — .
P 317 (6100 — 64) Py

The transport of heat is

e
Q=0cpA - =0.026<107* uyy (b19— 6.

Within a laminar boundary layer we have, on
the other hand,

where . is the heat conductivity of the air, A6 the

temperature difference between the surface and the

upper limit of the boundary layer, and Az the
5
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thickness of the boundary layer. With 1 =0.58 10—4%
we obtain
D60 =0.045 ugyy (0,900, Az.

This temperature difference is equal to

A
8= 8,05—1.90 (B,09—0,) + 0.317 (6,09—6,) 1n 2EFZ0

Zy

if the logarithmich law is valid from the upper limit
of the boundary layer and upwards. This condition
expresses that we assume the temperature distribution
to be continuous but the conductivity to be dis-
continuous ' at the upper limit of the boundary layer.
The latter assumption ecannot be correct but the
computation ought, since we are dealing with a stati-
stical quantity, to give an idea of the thickness of
the semi-laminar layer. .
When we consider the water vapour we obtain
similarly: N
Ne=0.040 (eg—€,) Ugg &2 = (€99 — 4.58) —1.90
(6100— €4) + 0.317 (e,450 — &,) lnAZ;_—ZO.
0
By means of these formulae and the mean values
in table 3 we obtain:
Group No. VII VIII IX X
Oz from temp.obsv. cm 0.10 0.08 0.09 0.07
Az » humidity obsv.ecm 0.06 0.13 0.13 0.13

Thus, the average thickness of the semi-laminar
boundary layer appears to be independent of the wind
velocity. The values which are derived by means
of the observations in Group VII are uncertain, since
the velocity is very small, and if these are disregarded
we obtain the mean values:

Az from temperature observations: 0.08 cm.
fz » humidity 0.13 cm.

—_——

If this difference is real it may indicate that pro-
cesses of radiation are of importance to the exchange
of heat within the semi-laminar boundary layer. In
our preceding equations we may replace 1 by 44 i,
where A, represents a coefficient of radiative conduc-
tivity (see Brunt, 1934 p. 115). With 1,= 0.35>10"*
we then obtain Az= 0.13 cm from the temperature
observations as well. This circumstance explains,
perhaps, the discrepancy which was pointed out in
the preceding chapter.

Wiist’s observations which are represented in
figs. 4 and 12 give similar results. It was pointed
out that these observations also indicate the existence
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of a semi-laminar boundary layer, since we obtained
z',=0.26 cm from the temperature observations, whereas
Rossby and Montgomery found z,= 4 ¢m from
the wind observations. If we compute Az as above,
introducing z, =4 cm, we obtain from Wiist’s data:

Az from temperature observations: 0.03 cm.
ANz »  humidity » 0.99 cm.

It is, in the first place, noteworthy that the value
derived from the humidity observations does not
deviate much from our value from the plateau, although
the roughness parameters are 4.0 and 0.25, respectively.
Secondly, that the temperature observations again
give a smaller value. If we infroduce a coefficient of
radiative conductivity, 1,, we find now: A= 1.2><107%,
This value is more than three times the value from
the plateau, but on the plateau the vapour pressure
at the surface was only 4.58 mm, whereas, during
Wiist’s observations, it was 12.89, and we must
expect the radiative diffusivity to increase with in-
creasing vapour pressure. Further studies of these
questions are of the greatest importance to the pro-
blems dealing with exchange of heat and water vapour
between the air and the sea.

The computations show, at all events, that the
average thickness of the semi-laminar boundary layer
must be very small and of the order of magnitude
of 1 mm, as already pointed out by Brunt (1934
p 263). Within short intervals of time a laminar
layer of thickness of several millimetres may, there-
fore, exist, and laminar boundary layers of this
thickness have been observed by Biittner (1934).

6. The Exchange of Heat and Water Vapour
between the Snow Surface and the Air.

We have seen that, above the semi-laminar
boundary layer, we can represent the temperature and
the vapour pressure as functions of elevation by
means of simple power laws. We can, therefore,
compute the eddy conductivity if we can determine
the amounts of heat and water vapour which are
exchanged between the surface and the air. This
exchange will now be considered.

The snow surface receives heat by incoming
(short-wave) radiation, by conduction from the air if
the air temperature increases with height, and by
conduction from below if the temperature of the
snow increases with depth. Furthermore, heat is
received if the content of water vapour in the air
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increases with height and, therefore, water vapour is
transported towards the surface where it condenses
and the heat of condensation is set free.

The surface loses heat by outgoing (long-wave)
radiation, by conduction to the air, if the air temper-
ature decreases with height, and by conduction down-
wards, if the snow temperature decreases with depth.

The albedo of the snow will be called a and
the radiation income I, the absorbed part of the in-
coming radiation is then (1—a) I=al. The heat
lost by long-wave radiation will be called R and the
total amount of heat which the surface receives be-
cause of radiative processes is, therefore, (aI— R).
The amount of heat which is received from or lost
to the air will be called @4, the amount of heat
which is received or lost by conduction from below
will be called @Qs. All amounts of heat will be given
in gramme calories per square cm and per minute.
The amount of water vapour which is transported
towards the surface if condensation takes place, and
away from the surface if evaporation takes place,
will be called F.

The surplus of heat which the surface receives
is used for melting and (or) evaporation. The total
ablation of the surface, measured in c¢m of water per
minute will be called H, the thickness of the layer
which is evaporated will be called h and the thickness
of the layer which is melted is, therefore, (H— h).
The amounts of heat used for melting and (or) eva-
poration are, therefore (in gramme calories per cm?
and minute) 80 (HH—h) and (or) 680 h since 80
gramme calories are needed for melting one gramme
of snow and 680 gramme calories are needed for
evaporating one gramme of snow.

Let us first consider the conditions when no
evaporation takes place. In this case we have

(53) 80 H=oaI—R+ Qu+ Qs+ 600 F,

where the terms (g and @s are positive if heat is
conducted to the surface, and negative if the surface
loses heat by the processes of conduction, and where
the term 600 F' represents the amount of heat which
is liberated by condensation on the surface of F' gr
of water vapour per minute.

If melting and evaporation take place we have:

80 (H—h) + 680 h=80 H+600 h==al—R+ Qa+ Qs.

But h=F, or equal to the amount of water vapour
which is transported away from the surface. We
obtain, therefore, in this case as well:
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80 H=aI—R + Qu+ Qs+ 600 F,

where F is negative since water vapour is transported
away. FEquation (53) is, therefore, valid, in general)
if all terms are given their proper signs.

Since our observations were taken in a season
when the temperature of the upper layers of the
snow generally was at freezing point, except in short
periods when a crust froze, we put Qs =0, but we
must be aware that this condition is not always ful-
filled within short intervals of time.

With @s= 0 we obtain:

(54) Qe+ 600 F=80 H—oal+ R.

In order to compute the amounts of heat and water
vapour which are exchanged between the surface and
the air we must know all quantities on the right
hand side of (54).

Bi-hourly values of H have been published by
Ahlmann (1935) and, for sake of completeness, the
daily values of H are presented in table VI.

Daily sums of I will, later on, be published by
H. Olsson, who has kindly placed his preliminary
values at my disposal. These are communicated in
table VII. Our equation contains, however, two un-
knowns, a and R and we must now attempt to deter-
mine these guantities.

The albedo a=(1—«a) was measured by H.
Olsson, who found values ranging between -54 /o
and 849%0. A definite relation existed between the
character of the snow surface and the albedo; the
latter was, as a rule, small when the surface was
wet, larger when the surface was frozen, and largest
on a few occasions when the surface was covered
by newly fallen snow.

In order to examine the constancy of the albedo
the preliminary values have been grouped according
to the temperature at 4 cm, treating separately the
cases in which the surface was wet or frozen. Cases
with newly fallen snow were included in the latter
group. The temperature at 4 em was always positive
when the surface was wet and with a frozen surface
it was negative, except on days when the air was
very dry. The average values are:

Surface wetd7*’ °C 0.35 0.76 1.36
a Albedo, 0/0: 62 64 65
°c . —1.68 —0.75 0.74

9
e
Surface IroZen’ \pedo, o/o: 76 72 73
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Fig. 18. Diurnal variation of ablation and radiation income
on overcast days.

According to this compilation the mean values
are: Surface wet: Albedo 64 %o, surface frozen:
Albedo 74 %o.

By combining our different observations we can
undertake an independent determination of the albedo
and simultaneously determine a probable value of R
as a function of the cloudiness. For this purpose we
avail ourselves of the fact that on completely overcast
days with a melting surface, the diurnal variation of
temperature and humidity at a few metres above the
surface is negligible and the same applies to the
diurnal variation of the outgoing radiation. On such
days the only elements which show a diurnal variation
are the ablation H and the radiation income I.
Indicating mean divrnal values by bars and the
deviation from means by 4, we have:

80 (H+ £ H) = a (I+ A1) — R+ Qq+600 F
and, since 2’2 H and 2 AT by definition are zero:
80~ H-=alilor 80| AH|=aX|0I].

The radiation income was recorded by means of
a Robitsch actinograph. From the records of this
instrument mean diurnal values of I are obtained with
sufficient accuracy, but hourly values are uncertain
and will, not therefore, be published in the forth-
coming paper by H. Olsson, who has, however,
placed the values, which are read off from the records,
at my disposal. Single values may be 10 to 20 per
cent in error but the means from several days will
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be more correct and are, no doubt, sufficiently correct
for our purpose.

The meteorclogical conditions, which must be
satisfied if the above relations are valid, were present
on 11 days but satisfactory records of the ablation
were obtained on 7 days only: July 18, 19, 20,
August 1, 2, 4, 9. For these days the mean values
are: 80 H=0.077, I =0.222 and in 2-hourly intervals
the deviations from the means are:
oh—9h 9h 4h 4h._gh gh—gh gh_10h
—.081 —.026 —.021 —.011 .006
—.164 —.128 —.088  .007 .084

Inferval of time
80A H (g cal./em® min.)
AI(gcalem®min)...

10h—12h 1gh--14h 14h—16h 16h—18h
027 .088 .029 014
.159 .208 164 .065

18h—20h g0h—22h 9gh--24h
005  —.008  —.024
—.034 —.112 —.161

The values are smoothed by the formula

i(a+2b+0).

They are represented graphically in fig. 13 in which
curves are drawn. It is seen that the heat used for
ablation shows a diurnal variation which is quite
similar to the diurnal variation of the radiation income
except for a small phase difference. The maximum of
the ablation comes somewhat later than the maximum
of radiation and the whole ablation curve is somewhat
displaced towards the afternoon. This displacement
may be due to the circumstance that the ablatograph
has not reacted instantaneously but the record has
lagged somewhat behind the actual process. If this
be true, the recorded amplitude of the ablation must
be too small, and the same applies to the deviations
from the mean values. By means of the deviations .
we obtain

a=1—a=0.18, a=82=820/,.

This value of a is, no doubt, too low, owing to
the lag of the ablatograph, and, therefore, we will,
provisionally, adopt the value:

a=1—a=0.30, a=0.70=70%o.

Even this value of a, which gives an albedo of
70 per cent, appears too low when compared with
Olsson’s measurements of the albedo, which gave
6490 on overcast days with a melting surface.

In order to determine R on overcast days we
make use of a method which has been introduced
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by A. Angstrom (1934) in his discussion of the
results from The Swedish-Norwegian Expedition to
North-East Land (Spitbergen) in 1931. Referring
to results from lower latitudes Angstrom puts
R=p81I, but this relation is evidently valid only when
dealing with mean diurnal values. Anticipating sub-
sequent results (p. 42) we, furthermore, introduce:

(55)  Qa+ 600 F=0 ((0,—0g)+2.27 (e;—e,)) ug=0' M,

where u, is the wind velocity at the altitude z;, 9,
and e, are temperature and vapour pressure at the
altitude z, and ¥, and e, represent temperature and
vapour pressure at z=0. Thus:

SO0H=(a—p I+ M=yI+M.

The factor ¢ in (55) is, as will be shown later
on (p. 42), a function of n and at present it is, there-
fore, preferable to use days only on which n had
nearly the same value. Futhermore, it is preferable
to use days with strong wind, since the total ablation
was great on such days. We find four days which
satisfy these conditions: July 18, 19, 20 and August 2.
On these days we have:

Day July 18 | July 19 | July 20 | August 2
I g cal./Jem? min. ..... 0.271 0.199 0.206 0.206
80 H g cal./cm? min. . . 0.069 0.075 0.053 0.130
Value of n (from wind
observation) 6.2 5.8 6.4 5.6
Do, °Coveiii . 0.28 0.30 0.19 0.52
€, MM............. 4.76 4.76 4.67 4.84

When computing M we have combined the
observations of temperature and vapour pressure at
4 cm, 100 cm and 500 em with the wind observations
at 30 c¢m, 200 cm and 700 cm, respectively, or we
have successively put (i) z,=4 cm, z,=30 em (ii) z, ==
100 em, z;=200 cm and (iii) z, =500 cm, z; =700 cm.
The mean diurnal values O&f temperatures, vapour
pressures and velocities are found in tables IT and

IIT. By means of the method of least squares we
obtain :
From observations at 4 cm 100 em 500 cm
and 30 cm and 200 cm and 700 cm
Value of y: 0.16 0.15 0.17

The mean value is y=0.16. The value of ¢ is
at present of no interest but will be dealt with later
on. Since we have adopted a = 0.30 we obtain
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on these days, §=0.14 or, as I=0.227, R=0.032.
This value is a probable one since fog prevailed on
most of the days. In the presence of fog, therefore,
we adopt: R=0.030.

We can obtain a check on this result by looking
up the hours when the temperature was nearly constant
at zero degree from 4 em to 5 m and the sky was
completely overcast. We find 36 hours in which these
conditions are fulfilled. The mean values are:

Height | Temperature | Vapour pressure,
em °C mm Hg
500 0.05 4.20
100 0.04 4.24
4 0.01 4.43

and

80 H=0.052 g cal./cm?® min., 7=0.432 g cal./cm® min.

The temperature is so nearly constant that no
heat is conducted towards the surface but water
vapour is transported upwards. Anticipating sub-
sequent results we can estimate @Qq+ 600F to
—0.009 g cal./em® min. The surface was partly wet,
partly frozen in the 386 hours in question, and we
introduce, provisionally, an average albedo of nearly
70 % in agreement with Olsson’s results. We
obtain :

0.052=0.30><0.432—R—0.09

R -=0.068.

The fact that we now find a greater value of
R is understandable, since fog was present on only
8 of fhe 86 hours in question, but the value E=0.068
with a completely overcast sky appears too high and
it seems, therefore, that we must use an albedo value
which is somewhat greater than that which was
observed by Olsson. If we were to use the observed
value 64 %0, we would, in the presence of fog, obtain
R=0.045 and this value is unreasonably great. It
must be emphasized that the determination when fog
is present must be considered trustworthy, since it
is based on good observations. Furthermore, it must
be considered that if an albedo of 6490 is introduced,
it is necessary to assume that the ablatograph has
recorded less than half of the actual diurnal variation
and this assumption is hardly justified. We, there-
fore, adopt the values a=70%0 and R=0.030 in the
presence of fog and with a wet surface.

A similar investigation on clear days with a
mostly frozen surface gives uncertain results since
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Fig. 14. Diurnal variation of ablation and radiation income
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on clear days.

the clear periods were few and short. We find only
three 24-hourly periods with cloudiness less than 2,
namely July 14, 18 to July 16, 18h and July 26, 60
to July 27, 6. The mean values of 80H and I are
0.053 and 0.501, respectively. The smoothed values
of 80 A H and AT are:

oh—2h 9h__4h gh_gh gh—gh gh__qgh
—.033 —.080 —.015 .000 .007
—.286 —.249 —.146 014 178

Interval of time
80 A H (g cal./em® min.)
AI(gcal/em®min.)...

10b—12h 12h—14h 14h—-qh 16h—18h
017 .084 .088 .027
264 271 .227 196

18h—20h 20h—-92h 99h—94h

005 —.017 —.028
—.011 —.146 —.245

The values are represented in fig. 14 from which
it is seen that on these days the ablation curve is
displaced more towards the afternoon than in the
preceding case. This circumstance and the fact that
on two of the nights which are included ‘a thin crust
froze on the snow, tend to reduce the amplitude of
the ablation and the hourly deviation from mean. By
means of the deviations we obtain

a=0.12, a=0.88-=880/.

The value of o is, in agreement with Olsson’s
result, lower than the corresponding value on over-
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cast days but is, no .doubt, considerably too high
since the amplitude of the ablation was not recorded
correctly. The displacement of the curve showing the
ablation is even greater than in the preceding case.
In view of this circumstance it seems reasonable to
adopt the value 77%o which lies again somewhat
above Olsson’s result.

In order to obtain an idea of the magnitude of
R on clear days with a frozen surface the clear hours
(C < 4) have been selected at which the air temperature
was constant up to 5 metres and about 0°. Only 14
such hours were found and the mean values were:

Height{ Temperature | Vapour pressure,
cm °C mm Hg
500 —0.18 4.21
100 —0.26 4.18
4 —0.31 4.36

80 H=0.042 g cal./cm® min., 7=0.753 g cal./cm® min.

Some heat is lost by evaporation since the contents
of water vapour decreases with height. This amount
may be estimated at 0.008 g cal./cm® min. and, there-
fore, we have:

0.042=0.23><0.753—R—0.008,
R=0123,

at an average cloudiness of 2.9, but the value is
uncertain since it is based on a small number of
observations.

Our computation of R at cloudiness 10 must now
be revised since we have introduced an average albedo
of 78.5 %o, or an average value of a equal 0.265.
With this value we obtain at cloudiness 10: R=10.053,
but this value is still somewhat uncertain. Considering
these circumstances and the results from other localities
we put generally

R=0.160(1—0.075 C),

adding
R=0.030, when fog is present.

With this value of R and with the albedo equal
to 77%0 in case the surface is frozen, and equal to
700/0 if the surface is wet, our different observations
are brought into mutual agreement, but a discrepancy
exists between the adopted values of the albedo and
the observed ones. The difference is, however, not
very great and amounts, as will be shown, on an
average to less than 4%b. Two explanations of this
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discrepancy can be offered. It is, in the first place,
known that the albedo changes with the altitude of the
sun and is greater at low altitudes. Most measure-
ments have been taken with a high sun and the
observed values must, therefore, be somewhat above
the 24-hourly mean value which enters into most of
our computations. In the second place, it is possible
that certain instrumental difficulties are met with
when measuring the albedo. The energy spectrum
of the reflected radiation, no doubt, differs from the
energy spectrum of the incoming radiation and this
circumstance may lead to some uncertainty in the
values which are observed by means of any type of
actinometer. In view of these possible sources of
error it appears justified to use the somewhat higher
albedo-values which are obtained by a co-ordination
of various sets of observations.

Now we can compute Qg + 600 F =80 H—
(¢ I—R) for any given period. If this period com-
prises complete days only, we use the daily sums of
the ablation and the radition income, as given in
tables VI and VII and compute R from the average
cloudiness, taking into account the number of hours
with fog in the period concerned. If fractions of
days are included, use is made of the hourly values
of the ablation in table 1 in Ahlmann’s publication
(1935) and of the hourly values of I as communicated
to the author by H. Olsson. The value of the
albedo which is to be used depends upon the average
character of the snow surface.

7. The Eddy Conductivity.

A. Computation of the Eddy Conductivity from
the Observations on Isachsen’s Plateau.

Knowing the value of Q4+ 600 F in a sufficiently
long period we can compute the eddy conductivity A,
since under stationary conditions:
df df 0.623 de
—e A F—ag L g2 lC
Qa=cp dz’ F Adz A
We avail ourselves of the empirical interpolation

formulae:
1

8—8,= A6, (—ZZ—)H , e—eO:Ael(—;;)

1 \ 71

ES
n

1

from which follows: A=A1(i)n.

2y
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For the sake of convenience we put z,=1, but we
must be aware that A6§,, Ae, and A, then lose
their proper dimensions. With z, =1 we obtain

(56)  Qu+600 F=A4, % (08, +mbie) 60,

where
600 0.623
m=— .22
Cp p
when the average value: p=690 mm is introduced,
and where the factor 60 enters since (Qq+ 600 F) is
measured in gramme calories per square cm and per
minute, whereas otherwise we use the C. G. S.-system.
We have disregarded the fact that a very small
amount of water vapour is condensed in the air if
the air is saturated with water vapour at some distance
from the surface. It can be shown, that at temper-
atures near 0° this amount is too small to be con-
sidered.
From (56) and (b4) we obtain:
(80 H—a I—R)n 1

A = L
1 ep (L8, +mbe) 60

= 2.27,

(57)

In order to compute A,, we have selected suit-
able periods, but have made use only of the obser-
vation after July 1st since data from 4 cm are not
available in June and since humidity observations at
5 m are also lacking for June except June 26th,

- when, however, the radiation measurements had not

commenced. In the first place we have selected four
warm and wet periods (I to IV in tables 5 and 6)
in which the temperature was always positive and
the humidity increased with height. Within each
period the wind velocity has been approximately
constant. Next we have combined all cold and dry
periods in which the temperature near the surface
always was so much below freezing point (V, tables b
and 6) that the surface always remained frozen. Under
these conditions no melting took place and the observed
ablation was entirely due to evaporation. Similarly
we have combined all periods which were definitely
warm and dry (VI, tables 5 and 6). Finally, we have
taken all intervals between the selected periods. These
are of varying character and in them the wind velocity
has often been variable.

The periods comprise 1016 of the 1112 available
hours. The data from July 3rd and 4th have not been
used since the observed humidities are doubtful and
from July 25th no record of the ablation is available.
Furthermore, a few hours which lie between typical
periods have been omitted.
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Fig. 15. Relation between the eddy conductivity at 1 em, Ay,
and the extrapolated value of the velocity at 1 cm, u.

Thus, the following 14 periods are considered:
S lg
Z |~ |Character | Character
E %n n of' of Days included
0 le 2 period surface
O QO
<N P =i
I| 72| Warm, Wet July 18, 1h to July 20, 24h
wet
11| 54| Warm, Wet Aug. 1,138h fo Aug. 38, 18h
wet
IIT| 42| Warm, Wet Aug. 3,190 to Aug. 5, 12h
wet
IV| 96| Warm, Wet Aug. 7, 1M to Aug. 10, 24h
wet
V| 206 Cold, Frozen | July 5, 1htoJuly 8, 8h
dry July 9, 190 to July 11, 24h
July 22, 1h to July 24, 24h
VI{140| Warm, Partly | July 15, 7h to July 17, 2h
dry frozen | July 27, 11h to July 81, 10h
VII| 48| Cold, Partly | July 1, 1hto July 2, 24h
dry frozen
VIII| 84| Cold, Mainly | July 8, 9htoJuly 9, 18h
dry frozen
IX| 72| Warm | Mainly | July 12, 11 to July 14, 24h
wet
X| 36| Warm, Wet July 17, 7hto 24h
web July 21, 1hto 18h
XI| 34| Warm Partly July 26, 14 to July 27, 10h
frozen
XII| 26| Warm, Wet July 81, 112 to Aug. 1,12h
wet
XIIT| 86| Warm, Wet Aug. 5,18h to Aug. 6, 24h
wef
XIV|120| Warm Mainly | Aug.11, 1hto Aug.15, 24h
wet

Table 5 contains the mean values of wind velocity
at three or four heights and potential temperature and
humidity at three heights in these periods. Table 6
contains the observed values of I, the values of a
which have been adopted on account of the character
of the surface, the values of a I, the computed values
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of R and the observed values of 80 H, and the
differences between the three last quantities. Further-
more, the table contains the wvalues of n, u, Af,
and 2 e, which have been derived from the data in
the preceding table, and the values of A, which have
been computed by means of formula (57). The last
two columns show the observations which have been
used when computing A4,.

In fig. 15 the values of A, are plotted against u,.
It is seen that A, is nearly a linear function of u,
and that most points fall near the line A,;==1.45
=<107% u,.

Periods IX and X give both large values of A,
but within both periods the temperature and humidity
gradients were small and errors in the determinations
of these gradients exercise, therefore, a considerable
influence upon the result. The deviations are, how-
ever, too great to be explained entirely by such errors
and it is more probable that the discrepancy, if real,
is due to an error in the assumed albedo.” If we in-
troduce the average value on overcast days as derived
from Olsson’s observations, a=64 %0 or a=0.36
we obtain in period IX: A4,=121 and in period X:
A,=167. These values are added in fig. 15 and it is
seen that they agree very well with the others.

In period XIV from Aug. 11 to Aug. 15 the
computed value of A, is too small. In this case we

. may obtain agreement with the other values by in-

troducing an albedo of 77 %o instead of 72 %o as
assumed, but it seems improbable that the albedo
in any period with a mainly wet surface has an
average value as great as 77 %o. There exist, on the
other hand, reasons why a small value of A4, may be
found in the period in question. On these days the
situation was in so far unusual, as the wind was
northerly but the temperature was very high. Fur-
thermore, the wind velocity was greatest at a few
metres above the ground since at 7 metres it was
less than at 2 metres. At 5 metres both temperature
and humidity were, on the other hand, much higher
than should be expected from the values at 1 meter.
On a few occasions we could observe the cloud mo-
tion and then the clouds drifted from a southerly
direction. Our camp was situated in a location where
the plateau fell gently off towards the south and on
several clear nights we had observed cold northerly
wind, which, no doubt, represented a geostrophic flow
from the highest part of the plateau. Considering
these circumstances, it seems probable that on Aug. 11
to 15 the air at a low level above the plateau moved
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Table b. Mean values of wind velocities, potential temperatures
and vapour pressures in selected periods.

. . . Potential temperature at Pressure of water vapour at
Period Le?;;gth Wind velocity at altitude (cm) altitude (cm) altitude (cm)
No.
hours 700 200 30 4 500 100 4 500 100 4
m/sec. m/sec. m/sec. m/sec. °C °C °C mm mm mm
) S 72 5.00 4.08 2.96 1.20 1.02 0.74 4.89 4.87 4.80
Im........ 54 4.95 3.91 2.71 2.97 2.81 1.40 5.47 5.26 5.04
L ....... 42 2.61 1.97 1.51 3.74 2.81 1.60 b.72 5.49 5.09
IV ... 96 1.91 1.59 1.09 2.82 1.85 0.95 5.38 5.05 4.78
A 206 3.88 3.8 2.45 —1.82 —1.80 —1.64 8.64 3.72 4.00
VI........ 140 2.85 2.11 1.43 0.97 0.97 0.16 —0.59 3.84 3.91 4.01
vIir ..., 48 2.22 2.01 1.29 0.88 —0.33 —0.43 —0.32 4.08 4.12 4.36
VIII...... 34 2.13 2.08 1.40 —2.85 -—2.24 —1.52 3.66 3.72 4.05
IX........ 72 2.59 2.28 1.85 1.57 1.06 0.56 4.97 4.82 4.69
X oo 36 4.30 3.60 2.40 1.21 1.08 0.75 4.86 4.83 4.71
XL, 34 2.48 217 1.58 0.57 —0.16 —0.63 4.20 4.13 4.18
Xi....... 26 2.06 1.49 1.05 1.75 1.82 0.62 4.95 4.84 4.79
XIIL...... 36 1.42 1.69 1.18 5.70 3.13 1.56 6.65 5.55 5.04
X1V ...... 120 2.04 1.85 1.29 2.21 1.26 0.56 4.74 4.61 4.57
Table 6. The values which enter into the computation of A,, and A,
in selected periods.
=2 “\;‘ N L\[‘ o5 = — N
I £ | g e i | Observations used
Period ET Shn 57 ST |~ g7 | Value g ET
ero -~ g a = A = g5 (P54 of @ A, Ae &0 Temper-
No. g o B 8 & wF |3 E n g 7 & atur
S & o0 B B |mSE S <@ | Wina e
— e @ aa) o B 3 5 and
S 2 ®° - Humidity
I.......... 225 .30 068 030 066 .028 6.0 168 0.80 0.06 264 All All
In......... 197 .30 .059 033 126 100 6.0 161 1.01 0.28 255 All All
nr ........ 286 .30 086 040 086 .040 4.6 62 0.85 0.25 90 All All
IV......... 219 .30 .066 .047 .043 024 5.0 55 0.76 0.23 67 200, 80 100, 4
V.o 418 .23 096 L0568 006 | —.032 5.2 128 -—0.14 | —0.25 163 200, 80 100, 4
VI......... .453 .28 127 106 .038 017 5.4 78 0.81 | —0.09 158 200, 30, 4 100, 4
VII........ .400 .26 104 041 056 | —.007 5.2 72 0.00 | —0.14 80 200, 30 All
VIII....... 591 .24 142 072 086 | —.085 4.8 69 —0.56 | —0.26 101 200, 30 100, 4
IX....oo.., .352 .29 102 .053 .098 .049 4.6 65 0.40 011 242 All All
X oo 272 .30 .082 032 .085 .035 5.3 128 0.24 0.08 308 All All
XT......... 423 27 114 .100 .043 .029 6.8 97 0.94 0.00 146 All All
XII........ 277 .30 .083 .031 064 012 4.7 53 0.47 0.07 59 All All
XIfT....... 825 .30 097 .082 076 .061 b.3 62 1.44 0.47 90 200, 30 100, 4
Xiv....... 250 .28 070 .058 .020 .008 5.3 68 0.64 0.04 40 200, 30 100, 4

from the south but owing to the cooling effect of the
snow a weak geostrophic flow in the opposite direc-
tion developed directly above the surface. Our low
value of A,, means then, that the turbulence was
small within this gentle flow and this is probably a
correct explanation.

If, in our preceding computation, we omit period
XIV and assume an albedo of 64 %o in periods IX
and X, then we have introduced an average albedo
in the periods in question of 70.5 %0, whereas, according

to Olsson’s measurements, we should have used a
value of 67 %. The difference is small, but it is,
nevertheless, of interest to compute the values of A,
by means of Olsson’s average values for the albedo,
retaining our value of R. This has been done, and
even in this case A, is a nearly linear function of u,
and equal to 1.83><10"%u,. The scattering of the
values is, however, considerably greater and two
negative values, which are meaningless, occur. In
view of these circumstances and of the fact that the
6
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observed albedoes appear somewhat too low since they
lead to unreasonably high values of R, we consider
the result in fig. 15 as representing the best combina-
tion of the different observations.

We can check our result by means of a com-
putation of a somewhat different character. On com-
pletely overcast days we found:

al—R=0.161.

Therefore, if our result A,=ku, is correct, we
obtain by means of our previous relations:

80 H=0.16 I+ M¢t,

where t is the time interval in seconds and
1

KO TR M= (90— 99 +2.27 (00— €g) up.

n

6 .

Here ¥, and ey represent temperature and vapour
pressure at the level z--a, ¥, and e, temperature
and vapour pressure at the level z=0, and up is the
wind velocity at the level z=5b. Thus, M can be
computed by combining observations at different levels,
and on overcast days we can compute k if we know
H, I and n. If our equations are correct we must
obtain the same value of k regardless of how we
combine our observations when computing M and
regardless of value of u,.

‘We find 10 overcast days from which observations
are available which make possible computation of k. The
kalues of H and 7 and the mean temperatures, va-
pour pressures and wind velocities on these days are
found in the tables of results. Table 7 contains the
values of (80 H—0.1671), ¥,, ¢;,, n and Mt as com-
puted by means of different combinations. Further,
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the table contains the values of k which have been
computed by means of the different combinations, the
mean values of k for each day and the values of u,.

It is seen that on each day we find nearly the
same value of k, regardless of the combination of
observations. On different days the values of k
are, on the whole, in good agreement, except that
the values on August 1st appear to be too high. It
is possible that the albedo was unusually small on
this day. In view of the otherwise good agreement,
the value from August st has been disregarded in
the two last columns of the table.

From these last columns it is seen that no rela-
tion exists between k and u,. On five days with u,
greater than 100 cm/sec. and u, =158 cm/sec. we ob-
tain k=1.57><10"%, and on four days with u, less than
100 cm/sec. and u, =40 em/sec we obtain k=1.50
><10~% This examination, therefere, confirms the
conclusion that k is proportional to u, and that the
numerical value of the factor of proportionality is about
1.5><10~*. A preliminary investigation by means of data
from the same days gave k=1.4><10"* (Sverdrup,
1935 a). As the most probable value we adopt the
value which was derived by means of the greater
part of all observations: k=1.45><10"* Thus, we

finally obtain the simple formula:
n-1

A==1.45<10"%u,z 1 .

It must again be emphasized that this formula
is an interpolation formula, and that u, is a fictive
quantity. Further, that under stable conditions, A4 is
not a linear function of the velocity at some distance
from the surface since n increases with u,. This

Table 7. Values of k on overcast days.
80H 10~ 6 Mt from obsv. at 104 k from obsv. at
016l ) e Value 10% 1
0 0 a K
Date & 0312' °C mm 4 cm 100 cm | 500 cm of n 4 cm 100 cm | 500 cm Mean R
om _1 and and and and and and
day 30 cm | 200em | 700 cm 30 cmm 200cm | 700 cm
July 18th ... 38 0.28 4.76 1.88 4.06 6.51 6.2 1.1 1.2 1.2 1.17 185
» 19th ... 62 0,30 4.76 1.67 3.62 6.22 5.8 2.0 2.2 2.0 2.07 150
»  20th ... 29 0.19 4.67 1.83 3.26 4.46 64 1.2 1.1 1.2 1.17 182
Aug. 1st .. .. 89 0.15 4.72 1.65 4.06 8.28 49 30 34 2.8
> 2nd .... 141 0.52 4.84 5.44 13.06 21.85 5.6 1.4 1.5 1.5 1.47 170
»  8rd .... 116 0.13 4.68 3.14 9.25 17.00 4.7 2.0 2.0 1.9 1.97 105
»  4th ... b8 0.28 4.79 2.12 5.69 9.86 5.0 1.5 16 1,6 1.57 69
»  Bth .... 68 0.00 4.58 2.81 9.55 16.45 4.7 1.3 1.2 12 1.23 49
»  8th .... 32 0.19 4.58 0.82 3.76 6.05 3.7 2.2 1.9 1.7 1.93 27
»  Oth .... 12 0.05 4.62 0.55 1.51 8.13 4.4 1.2 14 1.2 1.27 33
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implies that a low velocity (n small) A increases
slowly with elevation but u increases rapidly, whereas
at high velocity, conditions are reversed. At a given
level we have approximately A ~ u™ where m is
greater than 1 and increases with increasing distance
from the surface.

We have now to compare our empirical result
with the results from other investigations and with
our theoretical conclusions.

B. Comparison with Results from other
Investigations.

A comparison with results from other investiga-
tions ist best based upon the formula (48):
Qu=12(Dq— Fy) =0 up(Pq—1,)
k Cp S
where 6= T(ab) .

Here we have introduced a “coefficient of ex-
change” (see p. 21) which is proportional to the wind
velocity and a function of the altitudes at which the
measurements are taken. Such exchange coefficients
have, as pointed out on p. 21, been determined by
several authors. The order of magnitude agrees, in
general, with our results but the values are in most
cases not so detailed that a complete comparison is
possible. A detailed examination of » has been under-
taken only by Angstrom (1934) in connection with
his discussion of the observations which were taken
at Sveanor on the Swedish-Norwegian Expedition to
North-East Land (Spitsbergen) in 1931. Angstrom
found, in agreement with our results, that x was a
linear function of u: »=112<10"%z (u and @ in
C. (. S.-units), but this numerical value must be revised
since Angstrdm in his computation disregarded the
processes of condensation and evaporation. A new
determination of » has, therefore, been undertaken
(Sverdrup 1935b) and this gave »=1.0>10"%u. The
temperatures were measuared at an altitude of 1.9 metres
and the wind velocities at an altitude of 3.1 metres.
When we introduce these values of a and b in (48)
and assume n=>5.6 we obtain k==1.7><10~% This
value is probably somewhat too low since, when under-
taking the computation, it was assumed that the air
temperature at z=0 was equal to zero, whereas,
according to our results, it was higher, owing to the
existence of the semi-laminar boundary layer. Con-
sidering this circumstance, the value k=1.9x<10"*%is
probably more correct. The agreement with our result
from the plateau is satisfactory since k, as will be
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shown presently, increases with inereasing roughness
and since the roughness, no doubt, was greater where
the observations of 1931 were taken.

Over the pack-ice the author found (Sverdrup
1933) with a clear sky:

176

(58) Q=17.3<10"" u,, O3 —0i5=

7
(C. @. S.-units).
Here 630 and 6.5 represent the potential temperatures
at 30 metres and 4.5 metres and u, is the wind
velocity at 7 metres. The relations appear peculiar
but they must be considered as rough approxima-
tions, and as such they are not in contradiction
to our present results. From the above equations
we can compute our coefficient k on the assumption
that a similar relation exists between wind velocity
and n as on the plateau. We would first state that
we have: .
9301—94.5 : 4507 -
30007 — 450"

Oy5— o=

When we write Q=<0 u7(fa5— 60), we have 0 (845 — 6¢)

=7.8>=10-". Thus we can compute the value of ¢
which corresponds to any value of n. We put:

u, in cm/sec. ........... 200 400 600 800
and the corresponding n . 492 53 60 63
and obtain (45— 6p), °C.. 1.53 1.65 0.79 0.62
1086 .. 0.48 0.69 092 1.17
and with a=450 cm.

b=700, we obtain 10*E. 1.4 1.6 19 22

Thus k appears to increase with increasing velocity,
but this result may be due to the approximate cha-
racter of our equations. If we had found @ pro-
portional to u2'7 instead of proportional to u, we
would have obtained k independent of u. A probable
value of k is in this case k=1.8 <10~ * with n=5.6.
This value, which is nearly the same as the value
from Sveanor, is, however, probably too low.

From (58) and (42) follows the approximate rela-
tion A=0.5 u?, Our present results would give Afvu;7
and the discrepancy is, therefore, not so very great.
The reason is that, owing to the great influence of
stability at low velocities, we obtain very small values
of A at some distance from the surface, but at greater
velocities the value of A is less influenced by the
stability and, therefore, much greater.

It is possible that this influence of the stability
explains why Hesselberg (1929), from observations
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at Lindenberg, found »,=1.0u® but Kdhler’s result
from Hallde (1932): A, =a+ bu] cannot be explained.
The latter result needs confirmation, especially since
our result A, ~ u, is in excellent agreement with
theoretical conclusions. '

8. Comparison between Empirical and
Theoretical Results.

A. The Influence of Stability on the
Vertical Variation of Wind Velocity. Computation
of Rossby’s Constant f.

We can now undertake a complete comparison
between the theoretical and the empirical results.
When deriving our theoretical equations we supposed
that the vertical variation of temperature with sufficient
accuracy could be represented by means of a power
law of the type (26). Our observations have shown
that this assumption is correct, and, knowing the
vertical variation of wind velocity under stable
conditions, we can, therefore, compute Rossby’s
numerical constant 8 (see p. 8 which determines
the influence of stability. If different computations
give similar values, we must conclude that the
introduction of § is correct and that 8 has a definite
physical significance. When S has been determined
we can compute the eddy convectivity under stable
condjtions us. A comparison between the theoretical
values of 75 and our empirial values of A makes
possible a crucial test of the theory.

Before computing g we must determine the
roughness parameter z, as exactly as possible. From
the observations at indifferent or instable equilibrinm
we found z,=0.23 cm, but this value is somewhat
uncertain since the data from which it was derived
show too wide a dispersion (see fig. 7 p. 28). We
can now avail ourselves of the circumstance that the
logarithmic law is very nearly valid up to 7 metres
if the velocity is high and the stability is relatively
small, since we have seen (fig. 11 p. 80) that the
values from Groups IV and X can be represented by
means of logarithmic laws. For a computation of z,
we use the values from the two lowest levels only,
since the logarithmic law gives best approximation in
the lowest metres. The mean velocities at 2 m and
0.3 m are 5.185 and 3.695. Introducing the preliminary
value z;= 0.2, we obtain:

log 200.2—Ilog 80.2  5.185—1.695

= = 0.404
log 80.2—1log z, 8.695 ’
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which gives z,= 0.28 em. If we use the observations
from all three levels we obtain z,=0.24 em. As a
probable mean value we adopt:

zy=10.25 cm.

In order to compute j we undertake a trans-

formation of equation (29) p. 10 and write:

1
flo)= 2(0_1)_1110(1):_ )}
(59)
InZt%
__n—l—lllnzl—kz? Us z,
n 2 Zg |ua |zt 2 ’
2o

where uq is the velocity which would be found at
the level z, under adiabatic conditions and us is the
velocity at the level z under stable conditions. The
relation between v, f§ and the temperature variation
is given by equation (28):

g4a9
T dz

202 4y _.

v (v*—1) ﬂdua2
(@)

(60)
Z,+ z,\ 2
A#f 1In 220 nt

Uqg

As a preliminary value Rossby and Montgomery
found g =40, but the validity of their equations is
doubtful and the observations which were at their
disposal were not well suited for the purpose.

In order to apply our formulae we must know
uq at one level. It was shown that with a moderate
or a strong velocity the logarithmic law is valid up
to a limited height even in case of stability. We
may in first approximation assume that the logarithmic
law is sufficiently correct up to an altitude of 30 cm
if the velocity at this level is greater than 2 m/sec.
In our preceding equation, therefore, we put z, =30 em
and uq=u,,. Furthermore, we introduce z, -:0.25 cm.
On this assumption we compute v by means of (59)
from the wind observations at 7m and 2 m, using
the values of n which were derived from these wind
observations, and by means of v we compute g from
(60) using the temperature observations at 5 m and
1 m. From the data in groups VIII and IX we
obtain the mean value f=10.5. With this value of
B we compute by means of (29) p. 10 the differences
us - uq at the level 30 cm. On the right hand side
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of (29) we replace, as a first approximation the
frictional strees by the observed velocity at 30 cm
(11, p. 7). We obtain:

Group: VII VIII IX
(ug=ug) in cm/sec.: 6 2 1
g in cm/sec.: 92 201 283

The last line contains the corrected velocities
which would have been observed at 30 cm under
adiabatic conditions. The corrections, (us—ug), to the
observed velocities are so small that it is unnecessary
to introduce the corrected velocities on the right
hand side of (29) and undertake a second approxi-
mation.

With the above values of u, we can now under-
take the final computation of § by means of (59) and
(60). We have not used the data in Group X since
in this group the deviation from the logarithmic law
is so small that results are uncertain. The results
from the other groups are:

Group: VII VIII IX
f from velocities at 7 m 10.8 10.9 10.8
g > » » 2 » 11.8 9.5 13.8

The values are in excellent agreement and we
are justified in concluding that S has a physical
significance. The mean value of § is 11.2, but giving
the observation at 7 m a somewhat greater weight,

we adopt
g =11.0.

As a check we compute by means of (29) the
velocities at 7m and 2 m in the Groups II, ITI, V

and VI, introducing  =11.0. The factor %l/’— is
o O

determined by means of the observed velocity at
30 em, using the method of approach which was
introduced when computing u, at this level. We obtain:

Group : 1T III v VI

Velocity at 7 m | Computed 2.15 2.03 549 5.77
in m/sec. | Observed 2.26 1.97 549 5.80
Velocity at 2 m | Computed 1.62 1.45 4.53 4.63
in m/sec. | Observed 1.62 1.46 4.54 4.65

The agreement between the computed and observed
velocities is very good, especially at high velocity.
This means that by using our theoretical equation
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we can compute the vertical distribution of velocity
if we know the velocity at one level near the ground,
the roughness parameter, and the variation of temper-
ature with height. In this computation two numerical
constants enter, k,==0.38 and =11.0.

Our value of §is much smaller than the preliminary
value f =40 which Rossby and Montgomery
found. Our result is derived on a more correst basis
and by means of observations which allow a more
accurate computation.

The significance of the exponent n in the power
law can now be explained more clearly. It is quite
evident that the value of n which is derived from
observations within a given interval of altitude depends
upen the roughness parameter and upon the stability,
as pointed out by Prandtl (1932). At a given locality
where the roughness parameter, z,, is known, n
depends principally upon the stability but since the
effect of a given stability is much greater at low wind
velocity we must find an apparent relation between
n and the wind velocity; with the same value of the
temperature gradient, n must increase with increasing
velocity. This feature, perhaps, explains the fact that
our observations, on an average, show a well defined
increase of n with increasing velocity, as during our
obgervations the stratification was, on an average,
stable.

B. The Relation between Eddy Conductivity
and Eddy Convectivity.

Before we undertake a comparison between the
empirical value of As and the theoretical value of #s
we shall again examine the relation between these
coefficients. Introducing power laws, T aylor’s criterion
(47) p. 18 can be written:
2

4 _ 1 v
s g nhb,

N
=

where u, and A#f; have the same meaning as
previously. The maximum altitude up to which Ag
and #7s can be identical is, therefore, obtained from
the equation:

)
&

n—I T Ll]
n  —ono— .
g nib

N

In the groups which have been dealt with in
the preceding chapter we have:
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Group: 11 11 v VI
o 4.2 4.2 5.9 5.4
u, cm/sec. ...... 48 41 182 173
DO 0.35 099 0.36 0.83
Z in metres..... 28 i} 234 100
Group VII VIII IX
) 4.2 5.2 5.6
u, em/sec.............. 44 105 156
FAN 0.52 061 046

Z in metres ........... 12 48 121

We conclude that, looking away from conditions
in the semi-laminar boundary layer, As and #s are
identical below 7 metres except in Group IIT (small
velocity and very great stability) where Ay probably
is smaller than s above the 5 metres level. If our
theoretical results are correct the empirical values
of Ag must, therefore, agree with the theoretical

values of #s.

C. Comparison between
the Empirical and the Theoretical Values
of the Eddy Conductivity.

We shall first consider our empirical result

n
(61) A=ku z"1.
Here k is not a dimensionless constant and u, has

not the dimensions of a velocity. In our original
1

1
equation u;=u, z, ® z" we putz, =1(p.39) and wrote
1

u; =1u, z" but this means that u, has the dimensions
n-1
em ? sec.”L Since A has the dimensions g cm~!see.™?
2

it follows that k has the dimensions g em—3cm?. Thus,
2

k is proportional to the density o and to Rh" where

h is a characteristic length. The factor of propor-

tionality is a pure number which we may write Cn:
2

R (el h\n
(62) A=Cnoh"u, z =Cn( ) uzz.

z
This is exactly the form which Prandtl in 1924
suggested for the eddy convectivity over a rough
surface (see p. 7). According to Prandtl C is
equal to 0.0089. If this value has the character of
a universal constant and if our coefficient k is really
independent of u, we must obtain the same value of
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h, regardless of the value of n. With ¢=0.0089 and
0=1.17><103 (temperature 0° and pressure 690 mm)
and with k=1.45><10"* we obtain:

6.0 6.5
124 118

5.5
12.8

4.5
12.6

5.0
12.8

4.0
121

The variation of these values of h is insignificant.
On an average we obtain h=12.5 cm and since we
found z,=0.25 cm, we obtain zy="1/50 h whereas
Prandtl as a preliminary value introduces z,= !/30 h.
An explanation of the discrepancy between our result
and Prandtl’s cannot be offered, but it must be
pointed out that the average height of the undulations
of the snow surface was a few cm only. The value
h =230z, =75 cm is, no doubt, too high and
h=12.5 cm is far too high.

At Sveanor we found k =1.9<10"% With n=5.6
and 0=1.29><10"3 we obtain h=21 cm. It is very
probable that the roughness parameter had a some-
what greater value at Sveanor since there the
surronndings were free from snow and were hilly.

From the observations in the pack-ice we found
k about 1.8><10* and with n=>5.6 and 0 =1.35><10 ?
we obtain h=17. This value is probably too low,
since the roughness of the pack-ice is much greater
than the roughness of a smooth snow field. The
agreement is in this case not very good, but it must
be considered that the value of k from the pack-ice
is very uncertain. ' '

From our preceding considerations it is, as al-
ready mentioned, evident that formula (61) has the
character of an interpolation formula and is not valid
to the boundary surface, but is applicable only within
the interval of altitude from which the meteorological
observations are obtained. Furthermore, it has been
emphasized that u, is a fictive velocity which is found
by an extrapolation and does not represent the actual
velocity at 1 em. The formula is satisfactory for all
practical purposes but from the theoretical standpoint
the formula is deficient since it is not valid at the
surface, and especially since the influence of stability
does not appear in an explicit manner.

Our theoretical expression for the eddy convec-
tivity in case of stability (equation (85) p. 10) is
satisfactory :

(63) ok’ Zrz) U

He = —

7 —
1 1 —- z,+ z
y§+§‘1+4w ln—l——z—-—q

0
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Fig. 16a og b. Computed values of the eddy convectivity under stable conditions, 7g, and empirical values of the
eddy conductivity A,. The straight lines show the corresponding eddy convectivity
at adiabatic conditions.

where :
2+ z,\ 2
In 220
') z n+1
(64) w:ﬁ%nl——EO (z+2z) 1 -
a

We observe that vy is dimensionless since A6,
1

which was defined by 6;,—6,= 29, z% has the
1

dimension °Cem ™. Further, that u, represents the
velocity, which would be found at the level z, under
adiabatic conditions.

If our theoretical conclusions are correct and if
especially eddy convectivity and eddy conductivity
are identical in the lowest layer, we must now obtain
As =g, and a comparison of the results of these two
computations makes possible a final test of the theory.

We have computed A5 and s by means of the
data in Groups VII, VIII, IX and X. Within these
groups we have, putting z, = 30 cm.

Group No. VII VIII IX X

Valve of n............ 4.2 5.2 5.6 6.2
|z, | in em/sec.......... 44 1056 156 232
uq at 80 cm in cm/sec.. . 92 201 283 400
OO 0.52 0.61 046 0.44
When computing A we use the constant

k=1.45>10"* and when computing »s we introduce
0=1.17>10"% z,=0.25 cm and use the numerical
constants k, = 0.38 and f=11.0. We note that k,

Zy, ky and S are not known with greater accuracy
than 5 to 10 %o.

The corresponding values of s and Ay are given
in table 8 and represented graphically in fig. 16.
In the figure, straight lines are entered showing the
vertical variation of 74, the corresponding eddy con-
vectivity at adiabatic conditions. The agreement be-
tween A4, and 7, is excellent since the differences
in all cases lie within the limits which are determined
by the possible errors of the factors which enter into
the computation. The remarkable similarity of the

Table 8. Theoretical values of the eddy convec-

tivity under stable conditions, ns, and the corre-

sponding empirical values of the eddy conductivity,
As, both in g.cm.7lsec.” %

g Group

o

E VII VIIL IX X

oo

:".‘(J s Ag s Ag s Ag s Ag
100 0.20 0.21 059 | 0.63 | 092 0.99 | 1.36 | 1.60
200 0.34 0.36 1.056 | 1.10 | 1.71 1.75 | 2.62 | 2.86
300 0.46 0.49 1.45 | 1.58 | 243 2.45 | 3.80 | 4.02
400 0.57 0.61 1.82 | 1.92 | 3.10 3.12 | 4.91 | 5.12
500 0.67 0.78 217 | 281 | 8.72 3.74 | 6.00 | 6.19
600 0.76 0.84 2.50 | 2,67 | 4.32 4.33 | 7.01 7.19
700 0.85 094 2.82 | 3.02 | 4.89 4.91 | 8.01 | 8.18
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empirical values of As with the theoretical values of
ns, therefore, demonstrates that our observations lead
to results which are in the best possible agreement
with those from the laboratories and the theoretical
considerations based on them.

In view of this fact it seems at present un-
necessary to enter upon results as to the relation
between velocity and eddy convectivity, which appa-
rently contradict our conclusions, since these results
are derived from observations which are far less
complete than those which have been discussed here.

We can now answer the four questions which
were put in the introduction (p. 6); but must make
the reservation that the answers apply to conditions
over a relatively smooth surface, say a snow surface,
open grass land or the surface of the sea.

Answer to question 1: Eddy convectivity and
eddy conductivity are identical near the surface, except
within the semi-laminar boundary layer.

Answer to question 2: Near the surface, but
above the semi-laminar boundary layer, the temper-
ature distribution depends only upon the processes
of conduction (the turbulence) and is independent of
processes of radiation. This is perhaps correct only
when the vapour pressure is small, say less than
10 mm.

Answer to question 3: The relation between the
eddy convectivity and the roughness of the surface
can be expressed by means of a parameter which
has the dimension of a length and characterizes the
roughness of the surface. The relation between the
eddy convectivity and the stability depends upon a
dimensionless ratio between certain functions which
characterize the stability and the state of motion and
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upon a numerical constant, the value of which has
been determined.

Answer to question 4. In case of instability or
indifferent equilibrium the eddy convectivity increases
linearly with increasing distance from the surface.
Under stable conditions the eddy convectivity very
near the surface has the same value as in the case
of indifferent equilibrium, other conditions being alike,
but it increases more slowly with elevation. At
some distance from the surface it is, therefore, smaller
than in the case of indifferent equilibrium. Approxi-
mately, it can be represented by a power law.

To these answers we add: At stable stratification
the eddy conductivity above a relatively smooth surface
can be computed by means of a theoretical formula (63)
if the roughness parameter of the surface is known,
and if the vertical variations of wind velocity and
temperature are know with such great accuracy that
these variations can be represented by power laws.
Two numerical constants enter into this computation,
one, which determines the length of mixing, and was
introduced by v. KArman who determined the value
by means of results from laboratory experiments, and
one, which determines the influence of stability, intro-
duced by Rossby and Montgomery, who determined
a preliminary value by means of meteorological ob-
A more accurate value of the latter con-
stant has been determined by means of our observations.
Thus, complete analogy exists between the character
of the turbulence in the vicinity of a relatively smooth
surface in nature, and the character of the turbulence
near a surface according to laboratory observations,
in spite of the widely different scale of turbulence
in the two cases.

servations.
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RESULTS OF OBSERVATIONS

Table I

contains the true direction of the wind and the mean hourly
values of the wind velocity in metres per second at three or
four levels. The mean values are centred on the full hours.
Velocities which are uncertain, especially owing to formation
ot frost on the anemometer are enclosed in brackets. The
symbol < indicates that the velocity was too weak to be re-
corded by the apnemometer. On days with incomplete obser-
vations the mean diurnal values are placed in brackets.

Tables II and III

contain mean hourly values of temperatures and vapour pres-
sures at three levels, centred on the full hours. Values which
have been derived by interpolation are enclosed in brackets, if
the interval concerned is longer than 2 hours.

Table 1V

contains the cloudiness on scale 0 fo 10 and the hydrometeors
at the hour of observation. The following symbols are used:

¢ Rain 4 Frozen drizzle — Mist (thin, wet fog)
% Snow v Rain showers ~ Dew

% Sleet § Snow showers o Hour frost

9 Drizzle = Fog c> Glaced frost

Table V

contains the precipitation in mm water between 7! and 19h and
between 190 and 7h,

. Table VI
contains the diurnal values of tne ablation of the snow in
cm water.

Table VII

contains the diurnal values of the total radiation income in
gramme calories per square centimetre.
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Table 1V. Cloudiness and Hydrometeors.

H. U. SVERDRUP

Geof. Publ.

Hour
Date
1 2 3 4 b 6 7 8 9 10 11
June | Cloudiness ... .. 6 5 8 8 6 b 6 6 6 4 6
26 Hydrometeors .. - - - - - - - . B
o7 | Cloudiness ... .. 1 2 1 2 1 3 2 3 2 2 2
7
Hydrometeors .. - - - - - - - - - - ,
gy | Cloudiness .. ... 1 1=" 1 1=° 10=" 1 1 2 1 1 1
Hydrometeors .. . - =L ° N o” -° e o’ o’ o7
29 Cloudiness ... .. 1 1 1 1 1 1 1 1 1
Hydrometeors - - - - - - - - - _
P Cloudiness ... .. 7 9 10 9 10 10 10 10 9 9 9
30
Hydrometeors .. - - - - - - - - - -

July [ Cloudiness ..... 10 10 9 9 10 10 10 10 10 10 10
1 Hydrometeors .. - - - - - - - - - .
9 Cloudiness ..... 10 10 10 10 10 10 10 10 10 10 10

Hydrometeors .. A A A A A *° - - - 0
4 | Cloudiness ..... 10=" 3 10 7 10 10 9 9 8 10 10
) Hydrometeors .. | +° - - 5 *° *° *° *° x° %0 X0
4 Cloudiness .. ... 10= 10=2 10=2 10=2 10=2 10=2 10= 10= 1 1 1
Hydrometeors .. s - - A A - - - - R -
5 Cloudiness . . ... 10=° 10 10= 10= 10= 10= 10= 10= 10= 10= 10=
Hydrometeors . hes - LA o - ¥ % i NS o -
g | Cloudiness ..... 3 7 10 10 10=° 10=" 10=" 10=" 10 9 7
Hydrometeors . . - - =L o _ i s o - - -
Cloudiness ..... 10 10 10 10 10 10 4 4 2 2 3
7
Hydrometeors .. - - - - - - - - . R .
g | Cloudiness ..... 8 8 8 9 9=" 10 10 10 8 & 9
) Hydrometeors .. - - - - - - - A A” - 77
¢ | Cloudiness ..... 10= 10=2 10=2 10= 10= 10=° 10=" 10=" 1 1 7="
) Hydrometeors .. | .. A" 208 LOA° - - - - - - - .
Cloudiness ... .. 2 10 10 10 10 10 10 10 10 10 10
10 .0
Hydrometeors .. - - - g A - - - - - .
11 Cloudiness ..... 10 10 10 10 10 10 10 10 9 10 10
Hydrometeors .. - - - - - - A _ - . .
19 Cloudiness .. ... 10=2 10= 10= 10= 10= 10= 10= 10= 10= 10= 10=
Hydrometeors .. Ao 4%, A * s : s ° » »° e —
13 Cloudiness ..... 10=2 10= 10=2 10=2 10=2 10=2 10=2 10 10 10= 10=
2 Hydrometeors .. - . P - - = © I [ <2 . B
Cloudiness . .. .. 4 10=2 10=2 10=° 10=2 10=2 10=2 10= 10=2 10==2 10=
14 2 2 2
Hydrometeors .. - - - . - - 52 9 ’ ’ 9
Cloudiness ... .. 0 0 0 1 1 1 1 1 1 1 1
15
Hydrometeors . - - - - - - . - - R B
Cloudiness ..... 1 1 1 1 1 1 2 2 2 1 1
16 )
Hydrometeors .. - - - - - - - - - - R
- Cloudiness ..... 10 10 10 10 10 10 10 10 10 10 10
17 80 [} o (5} < [} sl
Hydrometeors .. - 7 - - - ® . ° © © °
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Table IV. Cloudiness and Hydrometeors.
Hour
Mean
cloudiness

12 13 14 15 16 17 18 19 20 21 22 23 24
8 9 9 6 9 8 3 2 2 2 1 1 1 5.3
1 1 1 1 1 1 1 1 1 1 1 1 1 1.4
1 1 2 2 2 =° 8=° 2 2=° 1 1 =° 1 2.1

R _ . _ . ._:O _ - uc _ R I_va _

1 1 1 1 1 1 1 3 2 3 6 9 7 2.0
9 9 9 10 10 10 10 10 10 10 10 10 10 9.5
10 10 10 10 9 10 10 10 10 10=°" | 10 10 10 9.9
10 9 7 10= 10=° | 10 10 10 8 10 10 10 10 9.8
§ 60 - _X>o - *O A - - - - - - -
10="] 10="1] 10="| 10 9 6 10 7 4 2 =° 3 7.9
1 9 10 10 10 10 10=° 10=° [ 10 10 10= 10=2 10= 8.5
i . . . - - - - . - A oA oA -
10= 10= 10= 3 4 2 =° 1 1 =° 2 1 3 6.7
6 10 10 10 10 10 10 10 10 10 10 9 8 9.1
1 6 7 7 4 4 1 2 9 7 1 1 3 5.3
3 3 10= 10= 9 10 10 10 10 10 10= 10= 10=" 8.8
- - - - - - - - - - - - COA .
= 1 1 2 2 3 1 8 2 3 2 2 1 5.0
10 10 10 10 10 10 10 10 10 10 10 10 10 9.7
- - - - - - - - - A° A° - - -
10=° 10= 10=° 10=° | 10= 10= 10=° | 10=" | 10=° 10 10= 10=2 10= 10.0
A° A 9 % 200 Aco ¥ *° *° *°5° Aca Aco Aco Aco -
10= 10= 10= 10= 10=2 10= 10=2 10=2 10=2 10=2 10=2 10=2 10=2 10.0
- ’ ’ 92 ’ ’ ’ ’ ’° s © ’° a - -
10=2 10=2 10=2 10=2 10=2 9 9= 10= 5= 1 1 1 3 8.3
. Co- - R I - - R - - R - - -
10=2 10= 10= = 1 1 0 0 0 0 0 0 0 5.8
1 1 1 1 1 1 1 1 1 1 1 2 1 0.9
- - . - . . - - - 0 - - - .
1 1 10=° 2 1 2 2 2 2 2 4 8 9 2.5
10 10 10 10= 10= 10= 10= 10= 10= 10= 10=2 10=2 10= 10.0
P o° o° 32 o . o° 92 92 o o° o° e° -
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Table IV. (Continued.)
Hour
Date
1 2 3 4 5 6 7 8 9 10 11
July | Cloudiness ..... 10= 10= 10= 10= 10= 10= 10= 10= 10= 10= 10=
18 | Hydrometeors .. ©° o° 92 92 32 32 92 32 92 K ’
19 Cloudiness ..... 10=2 10=2 10=2 10=2 10=2 10=2 10=? 10=° 10=2 10=2 10=2
Hydrometeors .. 2° 5° 92 92 92 3 9 © - 9° ’ ’
20 Cloudlness . .... 10=2 10= 10= 10=2 10=2 10=2 10=° 10=° 10= 10= 10=
Hydrometeors .. 32 ’ ’2 92 22 92 o° o° ’ 92 32
91 Cloudiness .. ... 10= 10= 10= 10= 10= 10= 10= 10=2 10=2 10=2 10=2
Hydrometeors . . . . ° . ° . ° 5° - - -
g9 | Cloudiness ..... 3 5=° 2 9 8 10 10 10 10 10 9
Hydrometeors . . - o - s t - - - - - -
g3 | Cloudiness ..... 10 10 9 8=> 10=" 10=° 10=° 10=" 10=" 10=°" 10=°
Hydrometeors .. | »A° = A° A° A° *° *° *%° A A A2
Cloudiness ..... 10= 10=2 10= 10=2 10= 10= 10= 10=2 10=2 10=° 10=°
24 Hydrometeors . bS] o ~a Ao A° M) ON b 0:\7 oo 2] 7":(—0 A
o5 | Cloudiness ..... 10=° 10=° 10 10= 10= 10= 10=2 10= 10= 10= 10=°
Hydrometeors .. | Aco 7o ’° ’ 92 »2 12 y2 %° %° *°
g | Cloudiness ..... 10=° 9 6 9 9 6 10= 4 2 3 4
Hydrometeors .. »° - - - ’° - - - B . R
Cloudiness . .... 1 1 2 2 2 2 2 2 2 2 2
27
Hydrometeors .. - - - - - - - - - - -
g9g | Cloudiness ..... 2 1 = 1 1 1 10= 9=° = 6 3
Hydrometeors .. - - _ - - - - 3 ° 9 - -
Cloudiness .. ... 9 4 7 9 9 8 7 6 5 8 8
29
Hydrometeors .. - - - - - - - - - - -
. Cloudiness ..... 7 4 2 2 2 3 6 3 3 2 3
30
Hydrometeors .. - - - - - - - - - - R
31 Cloudiness ..... 6 5 6 8 8 8 8 9 10 10 10
Hydrometeors .. - - - - - - - - - - R
Aug. | Cloudiness ..... 10= 10=2 10= 10= 10= 10= 10= 10=2 10=2 10=2 10=?
1 | Hydrometeors .. 9° ’ ’ 32 ’ 3 +© ° - ’ ’
9 Cloudiness ..... 10= 10= 10 10 10 10 10 10 10 10 10=2
] o]
Hydrometeors .. . . ° o . ’ I - - - -

3 Cloudiness . .... 10=2 10=2 10=2 10=2 10=? 10=2 10=2 10=2 10=2 10=2 10=
Hydrometeors . . . . o a o . - 2° 9 92 s2
Cloudiness ... .. 10= 10= 10= 10=? 10= 10= 10= 10= 10=2 10=2 10=

4 Hydrometeors . . 2 ° ¢ ’ ’ ° 3° ° - - - -

5 Cloudiness ..... 10=2 10= 10=2 10=2 10= 10=2 10=2 10=2 4= 2 =°
Hydrometeors .. o- e o .o a. o .- - - - -

. | Cloudiness ..... 10=2 10=2 10=2 10=2 1= 1=° 1=° 10=2 h=? 5.2° 6:=°

6 Hydrometeors .. 3© ° . o~ - - - - - -

7 | Cloudiness ..... 2=° 4=° 7=° 7=° 7=° 8=° 8=° 6-=° 8" 8--° =0
Hydrometeors .. - - - - - - - - - - -
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Table 1IV. (Continued.)
Hour
Mean
cloudiness

12 13 14 15 16 17 18 19 20 21 22 23 24
10= 10= 10=2 10=2 10=2 10=2 10=2 10=? 10=2 10=2 10=2 10=2 10=2 10.0
52 a2 9° - o~ - . - 9 © e’ ’ s ° - -
10=2 10= 10= 10= 10= 10= 10=2 10= 10=2 10=2 10=2 10=2 10=2 10.0
22 * 2 92 ’ ? ° ’ ’ ’ 2 22 »2 -
10= 10=2 10=2 10=2 10= 10 10 10 10= 10= 10= 10= 10= 10.0
’ Y ? © M - - - - co ® ? ® L] ] - -
10=2 10 10= 10= 10=2 10= 10= 10= 10= = 6=" 3 3 9.2
- - - - . M . A D 2% - - - -
9 10 10 10 9 10=" 9= 10= 10= 10= 5 9 10 8.6
. _ _ . N _ ‘_‘o L_Ju I_AO ;_JO . - I_JU _
10=" 10= 10=° 10=2 10=2 10=2 10= 9 5 ki 10 10=2 10= 9.5
2 A2 AC A° - Ao [a%) ~> - - - 205 9% -
10=" 10=" 10=° 10=" 10=" 10= 10=" 10= 10=" 10=" 10=" 10=° 10=° 10.0
A A 2 A2 A? Al a2 *° A2 32 A Hco Ao -
10=° 10= 10= 10=° 10=° 10= 10 10= 10= 10= 10= 10= 10= 10.0
) %O ->'€ 9’{» %‘6 ,i/, V}e\/_o ’O ,J -/U ,O ,O ’o _
2 8= 3 1 1 1 1 1 1 1 1 2 1 4.0
2 3 3 2 2 8 9 9 10 10 10 10 3 4.2
2 2 3 8 9 9 10 10 10 10 10 10=° 10 6.3
- - . - R - . - - - - 30 - _
9 9 9 9 9 8 9 9 10 10 9 9 9 8.2
2 3 5 3 1 1 2 2 6 6 7 8 8 3.8
10 10 10 10 10= 10=2 10=2 10=2 10= 10= 10=2 10= 10= 9.1
- - o° - . s © 9 ° 9° $© 9° ’ 9° ¢ -
10= 10=? 10= 10=2 10=2 10=2 10=> 10=2 10=2 10= 10= 10= 10= 10.0
” 92 ’ 3 ’ 9 ’ s° -~ ’° the 5° o° -
9= 10=2 10= 10 10 10=° 10 10 10=2 10=2 10=2 10=2 10=2 10.0

L)

- - - - - - - v - - e o e -
10= 10= 10= 10= 10= 10=2 10=2 10=2 10=2 10=2 10= 10=2 10= 10.0
’ ’ ’ ’ ’ ’ 3° ) 52 ’ ’ 9 ’ -
9= 8=2 6 8 10 10 10 10 10=2 10=2 10=2 10=2 10=2 9.6
- - - . - - ?'70 .O Y 3 . o e 70 -
1=° 10 8=° =° 10=2 10=2 9=2 10=2 10=2 10=2 10=2 10=2 10=2 8.8
- - - - - o . o - . 9° 9° -
6= 6= 3=° 1 1=° 9—° 9=° 1=° 7=° 2=° 5=° 3=° 3=° 4.6
5= 7=° 8="° 8=° 8="° 8=° 8 9 10 10 10 10 10 7.7
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Table IV. (Continued.)
Hour
Date
1 2 3 4 5 6 7 8 9 10 11
Aug. | Cloudiness ..... 10= 10= 10= 10=2 10=2 10=2 10=2 10=2 10=2 10=2 10=2
8 | Hydrometeors .. - - . - 7° 9° o° o’ - o’ ’
g | Cloudiness .. ... 10=" 10=° 10 10=° 10 10= 10= 10=> 10=2 10= 10=
Hydrometeors . . o - - 5° s° 3° v° - 3© o’ o°
10 Cloudiness ..... 10 10 10 i0 10 10 10 10 10 10 10
Hydrometeors .. - - - o° o’ «° - g° - - o
11 Cloudiness ..... 7 6 4 5 5 5 4 4 3 4 8
Hydrometeors .. - - - - - - - - - - -
12 Cloudiness ..... 10=° 10 10 10=2 10=2 10 10 10=° 10 10 10
Hydrometeors .. - - - - - - - - - - -
13 Cloudiness . .... 8 9 8 8 8 9 9 9 9 9 8
Hydrometeors .. - - - - - - - - - - -
14 Cloudiness ..... 8 6 7 3 3 3 2 2 2 2 4
Hydrometeors .. - - - - - - 9 - - -
15 Cloudiness ..... 10= 10=2 10=° 10 10 10 10 10 10 10 10=°
Hydrometeors .. o . - . a - - - - - ’°
Table V. Precipitation in mm.
Precipitation Precipitation Precipitation Precipitation Precipitation Precipitation
in mm in mm in mm ; in mm in mm in mm
Date Date Date Date Date Date
Hour | Hour Hour | Hour Hour | Hour Hour | Hour Hour | Hour Hour | Hour
19—717—19 19—7{7—19 19—717—19 19—-717—19 19—717—19 19—717—19
June July July July July Aug.
26 0.0 0.0 4 (<01 0.0 183 [ <0.1 |<0.41 22 0.0 0.0 31 0.0 | <0.1 8 2.9 0.4
27 0.0 0.0 5 <0.1 |[<o0.1 14 0.0 | <0.1 23 <0.1 | <0.1 | Aug. 9 2.2 1.0
28 0.0 0.0 6 0.0 0.0 15 0.0 0.0 24 <0.1 | <0.1 1 1.0 0.6 10 05 |<0.1
29 0.0 0.0 7 0.0 0.0 16 0.0 0.0 25 0.9 1.8 2 9.8 0.0 11 0.0 0.0
30 0.0 0.0 8 0.0 {<0.1 17 <0.1 3.2 26 0.8 0.0 3 1.6 0.4 12 0.0 0.0
July 9 <0.1 0.0 18 0.8 |<0.1 27 0.0 0.0 4 09 | <0.1 13 0.0 0.0
1 0.0 0.0 10 | <0.1 | <0.1 19 0.9 0.2 28 0.0 | <01 53 <0.1 0.0 14 0.0 0.0
2 <01 | <041 11 <0.1 <01 20 0.5 0.2 29 <0.1 0.0 6 0.2 0.0 15 0.0 0.3
3 <0.1 0.3 12 <0.1 [<0.1 21 18.5 0.1 30 0.0 0.0 7 0.0 0.0
Table VI. Diurnal values of the total ablation in em water.
Date | H cm | Date | H em | Date | H em | Date | H cm | Date | H ecm | Date | H em | Date | H em Date | H cm
June July July July July July Aug. Aug.
26 12.5 2 9.0 9 6.5 16 85 23 0.0 30 1.5 5 18.0 12 4.5
27 4.5 3 7.5 10 0.0 17 12.5 24 0.0 31 8.5 6 115 13 2.5
28 7.5 4 5.0 11 1.0 18 12.56 25 - Aug. 7 11.0 14 0.0
29 6.5 5 0.0 12 12.0 19 13.5 26 11.0 1 17.0 8 7.5 15 7.5
30 7.5 6 3.5 13 19.5 20 9.5 27 5.0 2 23.5 9 6.0 16 0.0
July 7 3.0 14 21.5 21 11.5 28 4.0 3 20.0 10 6.5
1 11.0 8 4.0 15 115 22 0.0 29 9.5 4 15.0 11 8.5
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Table IV. (Continued.)
Hour
Mean
cloudiness
12 13 14 15 16 17 18 19 20 21 22 23 24
10=> | 10=* | 10= | 10=2 | 10=% | 10=2 | 10=2 | 10=2 | 10= 10=° | 10= 10= 10=° 10.0
o 1° +° o’ ° . o A )2 . ° ’ §° 2° -
10= 10=° 10 10=2 10=? 10=2 10=2 10= 10= 10=2 10= 10= 10=° 10.0
’ °° 9° - e - - - " 2© s ’ 5° -
10 10 10 9 6 7 6 7 3 4 6 8= 7 8.5
10 10 10 9 8 10 10 10 10 10 10 10 10 7.6
10 9 9 10 10 10 10 10 10 i0 10 10 9 9.9
8 8 8 9 10 10 10 10 10 10 10 10 9 9.0
3 4 6 7 5 7 8 9 9 10 10 10=° 10= 5.8
10=" | 10= 10= 10= 10=°" | 10=°| 10=2 | 10="| 10=°.| 10=° 9 10 10 10.0
- 9° 9° . 3 © 80 9 ° v © o . - - - -
Table VII. Diurnal values of the total radiation income in g. cal./em® day.
I I I I I I I
Date | g. cal/ Date | g.cal/ | Date | g.cal/ | Date | g.cal/ | Date | g. cal/ | Date | g cal/ | Date | g.cal/
cm? day cm? day cm? day cm? day cm? day cm? day cm? day
June July July July July Aug. Aug.
27 855 4 645 12 488 20 296 27 576 2 296 9 227
28 855 5 725 13 488 21 315 28 664 3 273 10 366
29 820 6 652 14 540 22 586 29 558 4 385 11 412
30 583 7 778 15 785 28 435 30 611 5 472 12 227
July 8 698 16 709 24 523 31 400 6 507 13 374
1 558 9 849 17 400 25 400 Aug. 7 507 14 488
2 593 10 655 18 390 26 664 1 296 8 174 15 296
3 715 11 523 19 287




