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ABSTRACT

The fact that stratus clouds first form at the top of the friction layer is adduced. A method
is described for finding this height. Stability conditions in the friction layer are inferred from
the result and some aspects of various types of stratus formation are discussed. A new method
for obtaining the "roughness length" at a place is described.

literature bearing on the height
of formation of stratus clouds is mostly
in the form of the forecasting rules-ofthumb found in studies of the meteorology of particular airports. Stratus ceiling-height has been
related, for example, to gradient wind speed [6],
orographic effects [14], surface roughness [8],
and less typically to lunar halo and the dispersion
of the beam in the revolving tower light [4].
George and Ellet [5] point out, in a suggestive
article, the part played by stability of the air in
determining the height of subsequent stratus formation. He found that for Washington, D. C.,
fog or low stratus is more probable at night when
daytime heating has been curtailed by cloudiness
and stratus at a higher level more likely when the
day has been clear. Although the rules given
strictly apply only to the locale of the particular
study, such studies all show that high winds, rough
terrain, and the absence of stabilizing effects such
as upslope cooling or restricted daytime heating,
lead to higher ceilings should stratus form. Since
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* A preliminary version of this paper was awarded
Second Prize for 1949 by the Air Transport Association
in its annual contest for airline employees performing the
best original research having a practical application towards improving weather analysis and forecasting in
relation to aircraft dispatching.—Ed.

these same factors indicate the state of turbulence
of the surface layers of air, the height of stratus
is clearly related to the intensity of surface turbulence in some way. This study will attempt to
examine the nature of some of these relationships
with an eye toward a more quantitative basis for
forecasting the height at which stratus forms.
Because of the low viscosity of the atmosphere
and the prevailing roughness of the earth's surface,
air near the ground is characteristically turbulent.
Certain conditions of the atmosphere such as the
presence of a frontal inversion, active thermal convection, subsidence, or strong stabilization due to
some such cause as nocturnal cooling or upslope
effect, may tend to suppress turbulence; but a
turbulent layer of air next to the ground is the
rule. Stratus clouds may properly be described as
a result of turbulent mixing of the surface layer in
connection with a cooling mechanism, such as
radiation, advection, or upslope effect [1, 7].
Stratus is usually classified according to the cooling mechanism, but the factor of turbulence is
common to all types. As has been pointed out by
Petterssen [7] and Byers [2], the effect of turbulent mixing of a layer is to make the lapse rate
adiabatic and the mixing-ratio constant throughout the layer. This has been interpreted to mean
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that stratus clouds will form first at the top of the
turbulent layer and then build down to a level
depending largely on the supply of moisture available. For this reason, some direct relation should
exist between the depth of the turbulent layer and
the height at which stratus clouds first form.
RELATION

OF D E P T H

OF T U R B U L E N T

AND SURFACE

LAYER

WIND

Using the results of Prandtl's "mixing length"
theory of turbulence [ 1 ], Rossby and Montgomery
[9] have been able to relate the height of an
ideal surface turbulent layer (or "friction layer")
to the wind velocity at the level of the anemometer,
as follows:
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where (H)ad is the total height of the layer in
hundreds of feet, W A is the anemometer wind
speed in miles per hour, L is latitude, z the anemometer height in feet, and z0 is a parameter proportional to surface roughness. It (z Q ) is defined
as the height above the surface at which the action
of obstacles reduces the mean wind velocity to zero,
and is called the "roughness length." Prandtl
[1] suggests a value of one-thirtieth the average
height of the obstacles for the value of z0, based
on laboratory experiments. The roughness length
is usually expressed in centimeters and will be
referred to this unit throughout this paper to avoid
small fractions and for the purpose of comparison.
When used to evaluate eq. (I), z0 must be expressed so as to agree with the units of z. Rossby
and Montgomery define an ideal friction layer in
this way: they say, "The ideal friction layer is
found in initially slightly stable air current which,
under the influence of moderate to strong, steady
gradient winds are stirred to a height corresponding to the theoretical limit. . . ." The reader is
referred to the original paper for the details of
the derivation of eq. ( 1 ) , or to the summaries in
Brunt [3] and Byers [2]. The expression is
valid for a homogeneous,, adiabatic layer.
Rossby and Montgomery measured the height
of the top of the turbulent layer over East Boston
Airport by means of several hundred airplane
soundings, and computed values of roughness
length for various wind directions rfrom eq. ( 1 ) .
They found a roughness length of .65 cm for flow
off the water from the northeast through eastsoutheast, of 1 cm for flow partly off water and
partly off land from southeast through west-
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TABLE I. SOME OBSERVATIONS OF THE
ROUGHNESS LENGTH
Nature of the surface

Smooth lawn
Open fields
Sea surface (swells, no breakers)
Smooth snow
Fallow field
Low grass
High grass
Wheat field

so, cm

Observer

0.55
3.2
4.0
0.5
2.1
3.2
3.9
4.5

Hellmann
Shaw
Wust
Paeschke
Paeschke
Paeschke
Paeschke
Paeschke

southwest, and of 7 cm for flow entirely off land
from west to north. Since the air arriving over
East Boston Airport from the land side is subject
to flow over increasingly smooth surface after
leaving the city streets, the value of 7 cm was felt
to be in reasonable agreement with the size of
obstacles. The other two values agree well with
earlier determinations of roughness length, some
of which are tabulated below [1, pp. 457-458] to
give an idea of the size of this quantity over
different types of terrain.
Equation (1) gives, then, a direct measure of
the height of the ideal (i.e., adiabatic) turbulent
layer. If the appropriate roughness length were
known, the height of the layer could be found from
the anemometer wind, the lapse-rate being adiabatic. Conditions ideal for stratus formation are,
of course, not the same as those for the formation
of an adiabatic turbulent layer. Generally some
stabilizing influence must work before stratus
forms, and we must determine what will be its
effect in order to predict the height at which
stratus will form.
According to Rossby and Montgomery, the effect of stabilization on the surface turbulent layer
is to reduce the constant term in eq. (1) by an
amount proportional to the lapse-rate. They de :
rived a theoretical ratio between the height of a
stabilized turbulent layer and the height of the
adiabatic one depending, at a given location, on the
lapse-rate, which was assumed constant through
the layer. As they point out, this assumption
severely restricts the result. Among the other
assumptions they make, some have been questioned by Brunt [3] and Sutton. The latter suggests [10] that increased stabilization has the effect of increasing the influence of roughness, so
that under stable conditions a smaller roughness
length gives the same wind at the anemometer.
Regardless of the details of the theoretical point
of view, stabilization seems to lead to a lowering
of the top of the turbulent layer.
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At LaGuardia Airport, New York City, stratus
due to the combined effects of advection and radiation occurs most often during the months of April
through September. The turbulent layer is certainly well developed during these months much
of the time, at least during afternoons, and when
turbulence-suppressing effects mentioned earlier
are not in operation. During these months, for
the period 1945 through 1947, airways weather
observations show that such stratus occurred at
LaGuardia on about sixty nights. These instances
of stratus formation were carefully culled to eliminate all but the ones following days when the turbulent layer was believed to be ideally developed.
Any instances involving either frontal or showertype precipitation during the afternoon preceding
stratus formation were set aside, as were days
when heating was restricted due to the presence
of low clouds or when the wind shifted more than
forty-five degrees in direction during the period
from mid-afternoon to the time of formation.
Twenty-nine cases then remained of stratus formation following clear, sunny afternoons when the
wind held from about the same direction. Afternoons of this sort were assumed to have ideal
development of the turbulent layer. The wind
directions involved in these instances of stratus
formation ranged from southwest through south
to east, in agreement with earlier LaGuardia stratus studies [6, 8]. Air arriving over the airport
from these directions has passed over city streets
for at least several miles and then over the
smoother terrain immediately around the airport,
so a roughness length of about 7 cm might be
expected to apply on the basis of the East Boston
results. The observations from which the East
Boston roughness lengths were derived were made
at times when the turbulent layer was nearly ideal.

Fi<;. 1. Height of stratus formation vs. anemometer
wind at time stratus forms at LaGuardia following clear
afternoons.
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FIG. 2. The effect of nocturnal cooling on the height
of stratus formation at LaGuardia. (Numbers are cooling in deg. F . )

Individual measurements of the top of the layer
followed eq. (1) very closely [2, fig. 284j. In
F I G U R E 1, the height at which stratus first formed
is plotted against the anemometer wind at the
time of formation for the twenty-nine selected
LaGuardia stratus cases. The dashed line shows
the theoretical height of the adiabatic turbulent
layer assuming a roughness length of 7 cm, according to eq. ( 1 ) . Clearly, if the height at which
stratus first forms is any measure of the top of
the turbulent layer, the top has lowered, in most
of these instances, from the adiabatic height
(dashed line).
F I G U R E 2, based on the same twenty-nine cases,
shows values of surface cooling obtained by subtracting the temperature at the time of the afternoon maximum of wind, IVA, from the temperature at the time of subsequent stratus formation at
a height, ( H ) s , plotted opposite these quantities as
coordinates. The line z0~7
cm is again provided for reference. It is seen that for a given
maximum of wind in the afternoon, W A (assumed
to be a time of ideal development of the turbulent
layer), stratus forms lower with increasing
amounts of cooling during the night.
If the relation between surface-temperature
change and the change in lapse-rate within the
turbulent layer were known, an expression for the
depth of the turbulent layer under stable conditions could be written directly in terms of the surface temperature drop, always assuming the theoretical analysis of the effect of stability to be certain. For a given amount of radiation, however,
the surface temperature change is smaller for
higher winds, since the radiation effect is distributed uniformly throughout the layer. Between the
comparatively narrow limits of wind speed with
which stratus formed at LaGuardia, the lapse-rate
might be considered roughly proportional to the
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surface-temperature change. If increased stabilization reduces the roughness length (that is, increases its influence), or alternatively if the constant in eq. (1) is reduced, the new ratio of W A
to ( H ) s , where the latter is the depth of the stabilized turbulent layer, would be expressed on
F I G U R E 2 , as a series of lines through the origin
and lying farther and farther below the dashed
line for more and more cooling. This result is
strongly suggested by the distribution of values of
cooling in the figure. Accordingly, these values
were fitted, by the method of least squares, to the
equation of such a family of straight lines,
AT

a

w l

+

b>

(2)

in which AT is cooling in deg. F, and the other
terms have their previous meanings. The constants, a and b, were found to equal — 8 and 17
respectively. The resulting equation is illustrated
in F I G U R E 3 . No justification is made for the
form of this equation other than that it fits the
observed values quite well and is in at least qualitative agreement with the various theories.

FIG. 3.

Plot of eq. ( 2 ) , a = - 8, Z? — 17, AT in deg. F.

With the constants determined, eq. (2) can be
used to find the actual roughness length at LaGuardia. When AT equals zero, eq. (2) is in
the same form as eq. (1) and can be solved in
terms of
giving a value of 6.2 cm for these data,
covering flow at LaGuardia from the east through
southwest. Considering that the cloud base is
what is measured, rather than the top, and that
even when stratus first forms it has some finite
thickness leading to slightly low values for ( / / ) s ,
this is in very good agreement with the value of
7 cm found at East Boston for flow over the same
type of terrain. It is worth noting that the form
chosen for eq. (2) does not have much effect on
the actual value of z 0 obtained, provided that
when AT is equated to zero the equation takes on
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the form of eq. ( 1 ) . For example, when the data
were fitted to the equation
a AT = bWA +

c(Il)a

(2a)

and the above procedure followed, z0 came out to
be 6 cm. It should be pointed out that the choice
of AT as the dependent variable is more or less
arbitrary. If the equation were solved for one of
the other variables, and least squares applied, the
resulting constants would yield a value of z0
slightly different from the one obtained by considering AT as dependent. The most objective,
though laborious, course would be to obtain three
£0's, considering each of the variables as dependent
in turn, and form some average. Using eq. ( 2 ) ,
solved for A T, we can achieve at least the comparative objectivity of a uniform point of view.
There is also a certain advantage to the form
chosen in that AT can be readily compared with
the constant b} the utility of which will be made
evident. Although the choice of the form of the
equation is a matter of bias, the value of z0 will be
almost the same for any reasonable assumption.
Existing methods for finding the roughness
length depend on special observations such as frequent soundings or measurement of the wind at
two or more levels simultaneously [9, 2J. By
following the procedure outlined above, the roughness length at an airport can be found from routine airways observations, at least for those important directions involving stratus formation.
A similar determination of z0 was carried out
for East Boston Airport to test the method against
known results. Using airways observations for
April through September for the years 1944
through 1946, a roughness length of .5 cm was
found by the method of this paper for wind directions northeast through south to southwest. This
is again slightly lower than Rossby and Montgomery's value, but in excellent agreement.
F I G U R E 3 can, of course, be used directly in
forecasting the height of formation of expected
stratus, provided the turbulent layer was previously ideally developed as described above, at
least at LaGuardia Airport. Furthermore, since
eq. (2) was not obtained primarily as a result of
averaging, but rather as a consequence of assumptions about the nature of stratus formation and
surface turbulence, it should be applicable wherever similar conditions of surface roughness exist,
proper allowance being made for the effects of
latitude and height of the anemometer. The procedure involves a certain amount of labor, however. It would be desirable, having established
the nature of the factors influencing the height of
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formation of stratus, if eq. ( 2 ) could be written
for any place without invoking least squares. T o
accomplish this, consider the meaning of the constant b. The value of b in eq. ( 2 ) represents the
amount of cooling necessary to contract the turbulent layer greatly. That is, when AT equals the
value of b, Ha in eq. ( 2 ) must be zero. Actually
the top of the turbulent layer doesn't ever lower to
zero except in a dead calm. Equation ( 2 ) is intended only to approximate the effect of stabilization. For East Boston b was found equal to 15,
suggesting the interesting possibility that less cooling is needed to stabilize the turbulent layer over
smoother terrain. An average value of 16 might
be assumed to hold for b in most places; if b is
assumed thus, and a value of z0 assumed, using
the known values over different types of terrain
as a guide, an equation like ( 2 ) can be constructed
for any location by finding the value of the constant a such that
b
a

3.63
sin L log

(3)

(4s)

For example, if we wish to write eq. ( 2 ) for
Washington National Airport, we examine a detailed map of the area and determine that for the
directions where stratus forms there, the terrain is
rather rough, about the same as LaGuardia. Substituting the values of z0 equals 7 cm and b equals
16 in eq. ( 3 ) , we find that the constant a equals
— 7. This computation was checked by using a
least squares solution of data from three years of
airways observations at Washington National Airport. The actual stratus cases gave a — — 8 and
b — 16.8, values not materially different from the
assumed ones. A graph constructed for Washington assuming values for b and z0 would work
as well as one obtained by using least squares on
actual data.
T o give an idea of the accuracy of F I G U R E 3,
the standard error of A T was computed and found
to equal two degrees. This means that the error
of AT'is within two degrees for sixty-eight percent
of the cases and within four degrees for ninety-five
percent. Considering the possible error in measuring the ceiling height, F I G U R E 3 is quite accurate. Apart from any inadequacy of eq. ( 2 ) due
to its approximate nature, observed departures
from it will be due both to errors of airways observations and to the assumption that the gradient
is constant during the period from the afternoon
maximum of wind to the time of stratus formation.
Presumably if the gradient increases stratus will

first form at a higher level than the figure indicates and conversely, although this supposition has
not yet been tested.
NON-IDEAL

CASES

The reader will remember that about half the
total number of stratus situations which occurred
during the three years studied at LaGuardia were
eliminated at the outset because they occurred
after days when the development of the turbulent
layer was not considered ideal. On these days
either low cloud cover or precipitation (usually
showers during the months of the study) prevented
normal heating, or else the sea-breeze shifted the
wind. Either circumstance was arbitrarily assumed to distort the ideal development of the turbulent layer. A reexamination of these instances
showed that when stratus occurred after restricted
heating days, the height of formation was on the
average only one-half what F I G U R E 3 called for.
The amount of restriction to heating can, of
course, vary within wide limits, and in practice
the forecaster would do well to use a certain
amount of judgment in weighting F I G U R E 3. A
correction of one-half in the case of restricted
heating should cover most contingencies, however,
because when heating is greatly restricted due to
copious precipitation or total low cloud cover, the
ca^e at issue is not usually one of radiation stratus.
In practice a forecast of the amount of cooling
must be made in order to use F I G U R E 3. Since
the purpose of this study is to examine the relations among factors influencing the height of formation of stratus, rather than to set up an objective forecasting system, no discussion of cooling
will be attempted. It will be recognized, however,
that any procedure available for the forecast of
nocturnal cooling can now be brought to bear on
the forecast of the height of formation of stratus.
Indeed, in view of the far greater degree of dependency of ( H ) s on AT than on the other factors
influencing the depth of the friction layer, the
forecaster will find this approach not merely optional but necessary.
W e have been concerned so far only with the
height at which stratus clouds first form. Although the notion that higher wind speeds lift up
the stratus ceiling makes a strong appeal to intuition, there seems to be no theoretical reason why
stratus clouds cannot build down to the surface
regardless of wind speed given enough moisture
and enough stabilization of the turbulent layer.
F I G U R E 4, after Rossby and Montgomery's analysis, shows the pronounced decrease in the height of
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FIG. 4. Ratio of the height of a stabilized turbulent
layer to the height of the adiabatic layer at LaGuardia,
after Rossby and Montgomery's analysis of the effect of
stabilization.
(Horizontal coordinate is lapse-rate in
deg. C per 100 meters.)

the turbulent layer with increasing stability. Reference to F I G U R E 3 shows that about 13F° of
cooling are necessary to lower the height of the
turbulent layer to a value corresponding to twotenths of its ideal height at LaGuardia. Few of
the stratus instances show a cooling of more than
15 o r 1 6 F ° o n FIGURE 2.
CONCLUSIONS

Assuming the theory of [9] to be at least approximately true, stratus at LaGuardia and at
similarly situated stations can be regarded as forming most often before the turbulent layer has decreased to its theoretical limit of about one-tenth
the ideal height. This, of course, reflects the fact
that with moderate winds, even on a perfectly
clear night, the temperature rarely falls much more
than 15° during the season when stratus is likely.
If the turbulent layer were cooled more, and hence
stabilized to the limit shown by F I G U R E 4 , stratus
formation would take place at only a few hundred
feet, even with a previously ideally developed layer
and moderate winds. This is probably the explanation of the Cheyenne-type fogs, an intense
upslope effect in which ceilings of zero are common
with strong winds, and of the low stratus common
to the Aleutians, which can remain at zero to one
hundred feet with strong winds. Both these types
have been regarded as anomalous in fog classifications. Upslope cooling, and the strong advectional
cooling in the Aleutians, are both intensified by
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stronger winds in contrast with the mainly radiational cooling at a station like LaGuardia; the
greater stabilization thus brought about causes
greater lowering of the top of the turbulent layer
than is possible through radiation. The reasoning
outlined here is thus able to explain the apparently
contradictory circumstance of lower ceilings accompanying stronger winds where cooling is not
due to radiation.
It is evident that once stratus due to radiation
begins to form, most of the cooling due to radiation will stop, and the top of the turbulent layer
will not lower much farther. If cloud forms before the cooling has progressed very far, say somewhere between the adiabatic and isothermal portions of the curve in F I G U R E 4 , the layer will still
be fairly unstable, and the cloud base will lower
to a point controlled mainly by the supply of moisture. If cooling has progressed to a point where
stabilization has greatly contracted the layer, stratus will form low and not much further lowering
will be needed to bring the ceiling below flying
minimums. These conclusions were borne out in
the few instances studied but should be regarded
as tentative. No exact correlation was attempted
because the number of cases is too small for this
purpose.
The data analyzed here represent only instances
of stratus due mainly to radiation, common to the
eastern U. S. It would certainly be desirable to
make similar studies for at least one location
where each of the other primary cooling factors
predominates as it is evident that the procedures
described here will have to be modified considerably in practice in order to deal with other types
of stratus. Furthermore, the problem of whether
or not stratus will actually occur, as well as the
timing involved, remains "up in the air." These
problems, as well as to a great extent the problem
of the final height to which the stratus ceiling will
lower, involve consideration of the moisture content of the air, a quantity not dealt with here.
What our study does indicate is that the problem
of estimating the height at which stratus will form
is one of estimating the degree of development of
the surface turbulent layer prior to stratus formation, and then forecasting the amount of lowering
of the top of the layer due to whatever cooling
and stabilization is expected. This will give the
height at which stratus will form, and will indicate the stability of the turbulent layer at that
time, providing a clue to the subsequent lowering
which may be expected according as the layer is
very stable or still fairly unstable.
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The writer hopes the above remarks prove oi
some value in an understanding of the troublesome stratus problem. Thanks are due the U. S.
Weather Bureau for providing the data for the
study, and the staff of the New York University
Meteorology Department for many helpful suggestions.
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Royal Meteorological Society: Centenary Celebrations Programme, March, 1950
Scientific Symposia at

Oxford:

Imperial

College:

p.m. Tues. 28 March: Radiation, and its effect on the
troposphere and lower stratosphere,
a.m. Wed. 29 March: Physics of clouds and precipitation.
p.m. Wed. 29 March: Structure of weather systems,
a.m. Thurs. 30 March: The general circulation,
p.m. Thurs. 30 March: Climatic change,
a.m. Fri. 31 March: Meteorology and the community.
Each session will be opened by two or three principal
speakers, occupying about 20 to 30 minutes each, and a
general discussion will follow. Full abstracts of the
openers' remarks will be circulated in advance to those
attending the meeting. It is hoped to provide facilities
for concurrent discussions on one or two other subjects,
e.g., thunderstorm electricity, structure of the upper atmosphere, if a demand is evinced. Details of fees will be
circulated later.

Monday 3 April, 10 a.m.-l p.m. Visit to Department of
Meteorology, Imperial College of Science and Technology
(by kind invitation of Sir David Brunt, F.R.S.) for inspection of the department, followed by a discussion on
Atmospheric Turbulence.

Conversazione:

A Special meteorological exhibition is being held at the
Science Museum, Exhibition Road, London, S.W. 7. It
will be opened at 3 p.m. on Monday 27 March.

T o be held in the rooms of the Society at 49 Cromwell
Road, London, S.W. 7, on Friday 31st, March, at 8 p.m.
Tickets 7s.6d. each (approximately).
Excursion:
By kind permission of the Director, Meteorological
Office, an excursion will be made to Kew Observatory
on the afternoon of Saturday 1st April Fuller details
will be circulated later.

Centenary

Meeting:

T o be held at 3 p.m. on Monday 3 April.
Dinner:
T o be held at Piccadilly Hotel at 7:45 p.m. on Monday
3 April. Tickets £2.2.0 each (overseas visitors will be
the guests of the Society). Accommodations will be available at an Oxford College from Tuesday 28-Friday 31
March and at Bedford College, London from Friday 31
March until Tuesday 2 April, at reasonable charges.
Science

Museum:

Notification:
Anyone planning to attend should notify the Secretary
of the Centenary Committee, O. M. Ashford, as soon as
possible.—Royal Meteorological Soc., 49 Cromwell Road,
London, S.W, 7
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