(1) There must be a large supply
of cold air in the north or
northwest as shown by a mean
surface temperature in Ontario
and western Quebec not exceeding 6° F.
(2) Whenever upper-air soundings
are available from Toronto,
they must show a dry, deep cold
air mass with little or no subsidence.
(3) There must be a pressure gradient such that the wind will
be from the cold area and have
a gradient velocity of 35 miles
an hour or more (observed
velocity less).
(4) There must be snow on the
ground, or else the wind must

be so strong that the cold air
can get here without being too
much modified.
The above study indicates that no
severe cold waves are likely to occur
in southern New England before December and that most of them come
in January and February. A severe
cold wave usually occurs at least once
every winter, but seldom more than
twice. In the period covered, the
largest number of cold waves occurred in the winter of 1933/34, when
three cases were recorded.
A small grant from the Harvard
Associates in the Physical Sciences
and a gift from Mr. Ernest B. Dane
covered most of the expense of this
little study.

Turbulence A s The Major Factor in the Growth of Cloud Drops*
DAVID ARENBERG
Mt. Washington Observatory, Gorham, N. H.
H E FOLLOWING DISCUSSION o f

T
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possibility of turbulence being
the major factor in producing
active precipitation is undertaken,
first, because other factors have been
discussed O and found insufficient
for one reason or another, and secondly, because visual observation
readily establishes the fact that for
small drops suspended in a cloud the
flow pattern of the sustaining medium
is the most important factor governing their motion.
Turbulence has been suspected by
many authors, although Findeisen regards it as of only moderate quantitative significance ( 2 ). Observational
evidence shows that the most active
rain procedes from the most turbulent
cloud forms.
Past discussions of the coalescence
of fog particles have considered only
the idealized case of a quiet medium
or else assumed that the particles
obeyed Stokes' Law for falling spheres.
The former is obviously insufficient,

and the latter needs to be altered for
the unsteady state when the speed and
direction of fall are not constant.
Bleeker's paper on the icing of aircraft alone considers motion in a
curved path, and this in restricted to
the radial travel across the stream
lines without reference to the simultaneous retardation along them in a
centrifugal field. ( 3 ).
While it is impossible to discuss the
exact path of a particle in a turbulent
field, we can determine the path difference between the particle and the
medium very readily for every change
in velocity in a given direction.
First, the loss of kinetic energy of
the particle must equal the work
done by viscous drag in the medium,
that is:
* Revision of a paper read before the Assoc.
of Meteorology, Int. Union of Geod. and Geophys., Washington, Sept., 1939.
1 Houghton,
H. G. ; Bull. Amer. Met.
Soc.,
20:400, 1939.
2 Outline of physics of the clouds, I. Microphysics of the clouds, W . Findeisen, BULL.
20 -237 1939.
3 W . Bleeker, Met.
Zeit., 49: 349-354, 1932.
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(1)

1 mV2 = J~*Fds

=

J

t

Fdsdt

where the symbols have their usual
significance.
If we substitute F = -kV and V =
ds/dt and then differentiate with regard to time:
(2) mV (dV/dt) = — kVV ,
(3) dV/V = — (k/m) dt.
Integrating (3)
k
(4) V = Vo exp. (
1)
m
where Vo is the initial velocity.
Integrating (4)
(5) S — (mVo/k) [1 — exp. ( — kt/m) ].
For large values of t,
(6) S = mVo/k =1.2 X 103 r2 Vo,
4
for k — Q ^r, and m
TT
p
3
(where r is the radius and p the density of the drop, and ^ viscosity of
air).
As the time for V to reach (1/e) th
m
o ,
of Fo is given by t - — - 1.20x10V,
k
for a drop 10 ^ radius, t — 1.2X10 -3
seconds. Due to this rapid response
in comparison to turbulent changes,
we may consider eq. (6) to be satisfied at all times, and we can use it to
evaluate S from the difference in velocity of the medium at each change
in a given direction.
With an initial velocity of lOm/s a
drop of 1 n radius will penetrate
TT

0.12mm while one of 10 ^ will traverse
12mm. Thus the above formula helps
to explain the difference between a
"dry" and "wet" fog as due to the
varying ability of the drops to penetrate the thin boundary layer next
to solid objects.
At the edge of violent gusts where
the discontinuity in velocity is exceedingly sharp, or in places where the
wind is very turbulent, as the corner
of a building, the difference in fog
density caused by abrupt convergence
of the stream lines is readily visible.
It is well known that where high
winds velocities occur, particle-size
measurements of fog taken near
the ground are not representative of
free air since many of the larger
drops are removed from the lower
layer or forced together.
Since the actual air flow can be analyzed by means of Fourier series
into sinusoidal components, the fog
particles may be considered to be undergoing forced oscillations. For any
component we may write the equations
of motion of an air molecule and
water droplet respectively:
(?) Si — A sin wt,
(8) S2 = B sin (wt + a).
A and B are the amplitudes and a is
the phase difference for angular velocity w. See Fig. 1.
By successive differentiation to get
the velocity and acceleration we can
find

(9) B — -A/ V 1 + (w m/k)2 = very approx. A,
for w much less than k/m or
the same result as in the previous
(8.33 X 10- 4 )/r 2 ,
case.
(10) tan a = w m/k.
The maximum slip between the air
and particle is equal to ± (w m/k) A
and may be represented by completing
the vector triangle formed by A and B
separated by an angle a as in Fig. 2.
Since the maximum linear velocity of
the particle is given by V— w A, the
forced oscillations lead to essentially
FIGURE 1
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particle will be the arc lying between
the hypotenuse MM 2 and the legs of
the triangle MM' and MM', depending on whether the changes in velocity
occur simultaneously or separately
along the two coordinates. Where
the turbulent motion is isotropic, the
value of S will vary between
± V2 (mV/k) and 2 mv/k for two
dimensions and
FIGURE

2

It should be noted that unless the
changes in velocity exceed on the
average 5 m/s every second, the rate
of coalescence due to turbulence will
be less than that of the steady state
field of gravity where
S—(m/k)gy
where g is the force of gravity. While
this degree of turbulence may well
exist near the ground it is questionable that it would be found at high
elevations.
When a fog particle is deflected
from its course, the displacement with
respect to its original surroundings
will take place in two dimensions and
these dimensions may be added vectorially. If we consider the particle
at Mi in Fig. 3 with initial velocity Vx

FIGURE

3

to enter a region with velocity Vy, it
will assume its new velocity at M*
which is the vector sum of (m/k)
(Vx + Vy). The actual path of the

± V 3mV/k and 3 mV/k
for three dimensions.
In the case where the turbulent motion consists of eddies giving a circular path to the particles, we may
treat the motion as consisting of two
sine waves with a 90° phase difference. The length of the path turns
out to be 2 TT wR (m/k) where R is
the radius of curvature of the eddy.
If n is the number of rotations per
second, the distance traveled in one
second with reference to the medium
is (11) S — 2 rr n (m/k) V where V
is the linear velocity of the turbulent
motion.
For turbulence to produce more coalescence in a rotational field than
gravity, it is necessary that nV> g/2
Brunt ( 4 ) mentions measurements
near the ground by Scrase which
showed that by far the greater part
of the variability is associated with
eddies of a period of 1 second or less.
Here V would only have to exceed 1.5
m/s and would become less as the
turbulence became more fine.
It is extremely unfortunate that no
measurements of the magnitude of
turbulence in upper level clouds exist
but it might seem reasonable to sup4 D.
Brunt, Physical and Dynamical Meteorology, p. 218.
*In a recent conversation, A. W . Friend,
who has been investigating the heights of
inversion levels in the troposphere by means
of radio wave reflections, indicated that there
is some evidence that these levels show greater
disturbances during precipitation.
These disturbances have been shown to be associated
with turbulence (Bull. Amer. Met. Soc., May
1939, p. 20-21 and it is proposed to investigate
them f u r t h e r ) .
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pose that it is greater than the
amount required above.* In any case
the rate at which the particles of unequal size can be brought together because of unequal rates of readjustment to turbulent motion is of the
same order of magnitude as that
caused by gravity.
If it were possible to have a free
balloon in a cloud and suspend a
small flat plate horizontally in such
a manner that it would produce no
additional turbulence, the relative
magnitude of the turbulent and gravitational accelerations could be determined. The atmount of water deposited on the upper and lower surfaces would be proportional to the
upward or downward forces:—
(12)M = (m/k) (V + g),
(13) N= (m/k)
(V-g),
where M and N represent the mass
on each surface.
Then (14) V/g = (M + N)/(M -N).
In case g > V, N = O and a single
observation as to whether the under
surface became wet would be conclusive.
It has been thought that in addition
to mechanical action favoring growth
of large drops, adiabatic temperature
changes due to vertical turbulence
would be effective somehow because
of a supposed lag in temperature of
the larger drops. While noticeable
(16) m = [2 (4 tt/3)2>
where k is the coefficient of diffusion
of water vapor, (d — D) the difference
in density of water vapor at the surface of the drop and a distance, and
m0 is the original mass.
Thus the increase in mass of the
drop is a function of its original value
in distinction to the increase in size
which Houghton shows to be independent of the original radius.
The first result of this fact is that
in a region with a limited amount of
condensible water vapor, the presence
6 N.
Fuchs, Physikalische
Zeits.
tunion, bd. 6, pp. 224-243.

der

Sowje-

differences in temperature between
drop and air do exist these would not
be affected by the size. There are two
sources of this difference and they
are both balanced by conduction of
heat to the air. The most important
is due to the latent heat of evaporation. However, since the surface on
which condensation is taking place is
the same as that from which conduction is removing heat, as shown by
Fuchs, ( 6 ) the temperatures are independent of drop size.
The lag due to the heat capacity of
the drop is insignificant for normal
air currents. A drop of 10 ^ radius
and ascending lOm/s would only be
1.2 X 10~4 degrees warmer by this
means and to produce an appreciable
transfer of water vapor from small
to large drops would require that the
upward velocity be maintained for a
very long time.
Another possible method by which
water vapor may be transferred from
the small drops arises from consideration of a cycle where the mass variations are due to adiabatic heating and
cooling.
If we start with Houghton's fundamental equation for the rate of increase of mass of a drop
(15) dm/dt = 4 ^rk (d — D),
but substituting m — (4/3) tt^3 and
integrating with respect to mass
k (d-D) t + m02/3]3/2,
of a few large drops will inhibit the
further activation of condensation
nuclei.
Secondly, if the variations in vapor
pressure followed a sinusoidal curve,
the mass of the drops would follow
these variations in an asymmetrical
fashion, the degree of asymmetry increasing with size. By taking the
average values of vapor pressure,
mass of drops, and supersaturation
over a complete cycle, it can be shown
that the larger drops will require a
somewhat unsaturated average vapor
pressure to maintain a constant size,
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while the smaller drops will need a
more nearly saturated atmosphere.
In a mixture of the two drops, both
will pool their excess vapor in their
common environment during heating
and later extract it during cooling.
Both will experience the same degree
of supersaturation which will be the
resultant determined by the relative
numbers and requirements of the different sizes. Since this value will be
greater than that demanded by the
large drops and less than that for
the small ones, the former will grow
at the expense of the latter.

As yet the exact determination of
the magnitude of this effect has not
been made because of mathematical
difficulties and its importance, if any,
is not known. In contrast to the
growth through coalescence, which is
most rapid for fine grained turbulence, this process is most effective
with large perturbations.
In closing, I wish to thank Dr. C. F.
Brooks and Dr. Harry Wexler for
reading and criticizing this paper and
also Dr. H. G. Houghton for his many
valuable suggestions in the course of
its development.

Our Changing Climate*
J . B . KINCER
Chief, Div. of Climate and Crop Weather, U. S. Wea. Bur., Washington
A N Y PEOPLE T H I N K , because of
ter phase, when there will

M

the recent successive drought
years and persistence of abnormally high temperatures, that our
climate is permanently changing,
either naturally or from some act of
man. For a good many years up
through 1936 there has been a decided
tendency to warmer and drier weather,
the trends being especially marked
during the past quarter of a century,
notwithstanding an occasional bad
flood or a severely cold winter. Take
the winter season for example: With
the exception of that for 1917-18 and
1935-36, the winters for the past 25
or more, considering the country as
a whole, have been rather uniformly
warmer than normal, and, on an annual basis, every year since 1929 has
had above normal temperature. Also,
in the matter of rainfall, there has
been an equally marked tendency to
droughts in recent years. However,
an examination of the longer weather
records of the country, going back
100 years or more, indicates that this
does not represent a permanent change
of climate, but rather a warm, dry
phase of our normal climate, to be
followed, doubtless, by a cooler, wet-

be more
rain in summer and lower temperatures in winter.
It may be explained this way: We
have weather and we have climate.
Weather refers to conditions for a
day, a week, or even a year. We say,
for example, that the weather last
month was so and so. Climate is the
average weather (temperature, rainfall, etc.) over a very long period of
years, for the purpose of comparison,
say, 100 years. Now we know that
our weather from day to day and week
to week frequently goes in a more
or less cyclic movement, something
like the waves of the ocean. That is, a
few cool or cold days are succeeded by
several days of warmer weather, and
frequently a few days of rain are followed by fair, sunny weather for a
short period. Now the same thing
happens in climates, the only difference being that we count the time in
periods of years instead of days. It
is important to remember that these
climatic cycles vary in length, just as
do the weather cycles, resulting in

* Atlanta Meeting, April, 1939. See also the
author's pamphlet: "Is Our Climate Changi n g ? " , 111. Farmers Inst., Springfield, 1937,
35 pp.
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