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ABSTRACT

Relationships between smoke concentration and visibility, wind direction, wind speed, and
temperature stratification are discussed with some references to previous investigations which
have related these factors. The paper deals with smoke pollution such as exists in an industrial
city, rather than with the effluent from a point- or line-source drifting over an area of constant
surface roughness. The review includes some of the findings of the writers, who have made a
number of correlations between Weather Bureau meteorological data and Davidson's New York
City smoke data of 1939-40. The best of these correlations resulted when the wind direction
and wind speed were considered hour by hour for each day, and when a straight-line regression
formula was fitted to the data. It is brought out that isobaric curvature, as shown on the
weather maps, seems to be a significant factor in the smoke-spreading problem.
INTRODUCTION

M

ODERN times have witnessed a steady,
rising trend in human activities which
involve combustion, and an inevitable increase in the products of combustion—smoke, ash,
and sulfur dioxide, for instance. Released into the
lower atmosphere to drift over inhabited areas,
these products have formed the basis of an evermore-serious social problem. They constitute a
hazard to the healthful and clean living of human
beings, animals and crops. They are instrumental
in the lowering of visibility, with results deleterious to aviation and other fields. Concerted efforts have been made by atmospheric-pollutioncontrol agencies in many industrial communities
to alleviate the situation. Regardless of attempts
to control the spread of atmospheric contaminants,
however, the elusive percentage of smoke and gas
which always remains is frequently of great significance.
In order that the atmospheric-pollution menace
can be combatted efficiently, it is generally recognized that an understanding of the relationships
between meteorological elements and smoke
spreading is necessary. Among the possible ways
in which meteorological investigation may be able
to aid in the fight can be mentioned day-to-day
forecasting of atmospheric pollution, analyzing of
local climatological data to assist in residential
and industrial zoning, studying of local meteorological and climatological data to locate areas in
which control measures seem most to be necessary,
and estimating of extreme conditions and deter* Now with Hq, Air Weather Service, Washington,
D. C.
t Now with Division of Tuberculosis, U. S. Public
Health Service, Washington, D. C.

mining of probabilities of pollution concentrations
which can be expected in various localities and in
various times of the year. The drifting of pollen,
seeds, bacteria, and harmful insect populations
conceivably can be investigated through the knowledge gained from study of the spread of smoke.
To accomplish purposes such as those mentioned above, it is necessary first to develop methods of meteorological and climatological analysis
applicable to the types of data available for study.
For example, when the data at hand for analysis
consist exclusively of daily observations of smoke
concentration at one or more sites in a problem
area, together with meteorological observations at
such as a first-order Weather Bureau station, limitations exist as to the types of approach which
can be followed. The principal aims of the present paper, which deals with such a set of data, are
to suggest several ways of attacking the problem
and to illustrate the degrees of correlation between
meteorological and smoke-concentration data which
can be expected.
VISIBILITY

A frequently employed, though quite indirect,
method of arriving at measures of suspensoid concentration uses Weather Bureau observations of
visibility and estimates of the type of visibility
restriction. Aside from simplicity of measurement, use of visibility has an advantage for some
purposes in that it essentially integrates the concentration along a path, whereas other more objective methods usually sample air only at a point.
Visibility measurements, however, have been designed primarily for aviation interests, hence are
not strictly applicable to the present problem.
For example, the angle of the sun's rays and the
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shapes of the microscopic suspensoid particles may
considerably affect a visibility measurement but
would have no bearing upon the suspensoid concentration. Again, hygroscopic suspensoids can
restrict visibility more effectively in humid than in
dry weather, and the presence of fog droplets can
cause a low visibility with or without pollution.
For visibility to be used quantitatively in the pollution problem the meteorological variable of humidity must be considered, and introduction of
this factor serves greatly to complicate the issue.
Probably the safest translation of visibility into
suspensoid concentration is a one-sided one, to
the effect that with a given visibility the concentration is no greater than a certain limiting value,
but that it could be less because of the possible
contributions of moisture and other factors to the
visibility restriction.
F I G U R E 1, prepared from data collected by Langham, Foster and Daniel [1], illustrates the wide
range of error possible when suspensoid concentration is estimated by means of visibility observations. The data suggest, however, that visibility
can be used to gauge the upper limit of existing
pollution conditions. They also suggest the reciprocal relationship that a given concentration of
suspensoids can lead to an estimate of the upper
limit of concurrent visibility.
WIND

RELATIONSHIPS

There is no difficulty in visualizing wind direction as the factor which determines where existing
smoke will drift, and wind speed as the meteorological parameter which tells how fast the drifting
will take place and thus, generally speaking, how
much area a given pollution source will effect. In
a very broad sense, the relationship between smoke
concentration and wind is a simple one. With
steady wind direction and constant emission from
each smoke source, and the assumption that the
angle of spread of each smoke trail is constant,
the stronger the wind the less will be the number
of smoke particles in a fixed volume within any
trail or combination of trails. If C is the mass of
suspensoids per unit volume and V is the mean
wind speed, then

c = k/V,

(1)

where k depends only on wind direction and the
location of the observation station. If only one
pollution source is active, then k is directly proportional to the rate of emission of pollution.
Assumption of a constant angle of spread of a
smoke trail implies that the lateral eddy components of the wind are proportional to the aver-
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age wind. From the results of experiments at
Porton, Sutton [2] concluded that the trail width
is about 35 meters at a downwind distance of 100
meters from a point source, the width varying
only slightly with wind speed. There is observational evidence, however, for smoke trails which
extend over much greater distances, that the angle
tends to narrow as the wind increases—in the
vertical as well as in the horizontal. Mathematically, this means that the smoke concentration is
inversely proportional to less than the first power
of wind speed, or,
C = k/V>\ (0 < w < 1).

(2)

Physically, this relationship means that the wind
speed is not as important in smoke spreading as
the simple theory, equation ( 1 ) , implied.
Numerous attempts have been made to determine the value of the exponent in equation ( 2 ) .
Most of the investigations have been of a statistical nature because of the complexities of the problem. In his 1942 investigations, Davidson [3]
statistically correlated wind speed with smoke
concentration, disregarding wind direction and atmospheric stability. Wind speed to the power 0.5
provided the best fit for his data.
STATISTICAL

ANALYSES

The present writers carried through several
kinds of statistical analyses of Davidson's data
which were collected during January 1940 and
July 1939 at eight stations, well-scattered around
New York City, F I G U R E 4. Suspensoid concentration was expressed in terms of "shade number,"
the degree of darkening of a filter paper on which
are collected the solid particles contained in a
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given volume of the air being tested. The current investigation uses Davidson's daily average
values of shade number, but, instead of the winds
which he measured at each station, uses the wind
observed at the New York City Weather Bureau
Office. Results of some of the statistical analyses
are given below.
The first test, employing the hyperbolic form,
equation ( 1 ) , used daily mean wind speeds and
daily prevailing wind directions. Statistical fittings produced values of k for each wind direction
and each station. Values of C computed through
use of these k's were compared with corresponding
observed values of C. For all 8 stations, the correlations were 0.68 and 0.71 for July and January,
respectively. Another test contained the refinement that hourly, rather than daily, wind speeds
and directions were used. Here, the daily average value of C was assumed equal to 2(ki/Vi), in
which Vi was the daily harmonic average of wind
speed for all hours having a given wind direction i.
After the values of k for each wind direction and
each station were determined, it was found that
the July correlation was raised to 0.77 but that the
correlation for January was not significant. This
refinement contains the disadvantage that extremely low hourly wind speeds are unduly
stressed. Despite the not entirely satisfactory
results which were obtained, it is felt that the
refined method is worthy of further investigation.
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The best over-all results were obtained through
use of the simple, straight-line regression formula.
C — k — mV,

(3)

where k is again a parameter of station location
and wind direction, and m is a station constant
whose meaning is comparable with that of the exponent in equation ( 2 ) . For all eight stations, the
resulting correlations were 0.79 and 0.82 for July
and January, respectively. F I G U R E 2 gives the results of the method applied to the January data of
Station 1, with a correlation of 0.82. F I G U R E 3
shows the results for Station 7 in July, with a
correlation of 0.77. The method is limited in its
application, for it obviously yields absurd concentrations for very high wind speeds and probably
produces quite incorrect ones for calm conditions.
For ordinary ranges of wind speed, however, in
which a linear relationship seems to be a good approximation, the method has the advantage that
the wind-direction and station parameters, k, are
obtainable without recourse to lengthy computations.
During July the wind speeds varied between 8
and 17 miles per hour, whereas the January winds
were characterized by the broader range of 6 to
29 miles per hour. Accordingly, additional tests
were made for January, with its greater representations of wind speed. Wind direction, alone,
was tested first, through use of equation (2) which

Straight-line regression of suspensoid concentration C (Shade No.) on wind direction and wind speed
(miles/hr), Station No. 1, January 1940.
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Straight-line regression of suspensoid concentration C (Shade No.) on wind direction and wind speed
(miles/hr), Station No. 7, July 1939.

became C — k when the exponent was set equal to
zero. The correlation for all eight stations became
0.66, which is less than the 0.71 and 0.82 values
previously derived for all 8 stations. Next, for
Station 1, when wind direction was neglected, regression of C on V produced a correlation of 0.62,
which is less than 0.82 previously derived for Station 1. Wind direction appears to be a more important factor than wind speed. However, it is
apparent that use of both wind speed and direction
produces results more significant than those derived from considerations of only one of the variables.
When daily harmonic averages of wind speed
for the January data of Station 1 were introduced
into equation ( 2 ) , the correlation was 0.66. When
the power of the wind speed was made less than
unity, the correlation was improved. It was found
that an exponent of % produced the best result,
with a correlation of 0.78. Although powers other
than unity were not tested for July or for the
other stations, the findings of other investigators
suggest that the correlations given in the present
paper would be increased were n to be assigned a
value between a third and a half.
As a matter of interest, application of the January data of Station 1 to the empirical equation
C — ke~mV resulted in a correlation of 0.82. Despite the relatively high correlation which was obtained, no further studies were made of this equa-

tion since it did not seem to offer any significant
improvement over the results derived through use
of the simpler expressions.
F I G U R E 4 shows the locations of the eight New
York City stations, together with the values of C,
wind direction by wind direction, which could be
expected in January 1940 with that month's average wind of 16.9 miles per hour. F I G U R E 5 illustrates similar C-rosettes for July 1939, with the
average wind speed of 12.1 miles per hour. The
straight-line formula (3) was the basis for construction of these rosettes; such factors as atmospheric stability were not accounted for in the
computations. Variability of smokiness with wind
direction was quite marked, the difference in the
effects of east and west winds being especially
noticeable. With east winds, the rosettes imply
addition of pollution to the air during passage
over the city. With west winds, addition of pollution over the city was apparently exceeded by the
diffusion of the smoke. With both north and south
winds the effects of additions to pollution seemed
to overshadow those of diffusion.
TEMPERATURE-STRATIFICATION

RELATIONSHIPS

With stable stratifications of temperature, the
vertical components of turbulent motion are suppressed with the consequence that there is no
agency through which pollution can be transported
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number data. The nearest radiosonde data were
those of Lakehurst, N. J. No significant correlations were found between the Lakehurst lowlevel temperature data and the concentrations of
smoke in New York City. The daily mean and
maximum temperatures, and the daily temperature
ranges, as measured by the New York City
Weather Bureau Office, were also tested as possible indices of stability. Again, there was no
success. Lacking further direct measurements,
the writers examined the weather maps for stability indices. Since it was thought that a positive
correlation might exist between stability and anticyclonic curvature of isobars, the isobar curvatures
over New York City, observed on the 1:30 A.M.
( E S T ) daily surface weather maps for January
1940 were investigated as indirect measures of the
daily prevailing stabilities. The 31 days were
classified into 14 days on which pronounced anticyclonic curvatures existed, and 17 days on which
the curvatures were either cyclonic or ill-defined.

FIG. 4. Expected January values of C for wind speed
of 16.9 mph, straight-line regression formula (16.9 mph
= average wind speed during January).

aloft at a rapid rate. As a matter of fact, inversions can act as lids to vertical motion and hence
as upper limits of polluted layers of air. From
this simple reasoning one can conclude that smoke
concentration is directly proportional to the stability. The idea holds only in a general way,
however, for complications arise here as they did
in the case of the wind relationships.
Sutton [4] has pointed out that smoke emitted
from a hot source will first rise and, if the lapse
rate is quite stable, will then drift almost horizontally for a considerable distance before reaching the ground. If an observation station downwind from such a source happens to be at an
elevation above or below the smoke sheet, little
pollution will be measured regardless of the degree
of stability. Such a station, as a matter of fact,
could observe greater suspensoid concentrations
with instability than with stability.
Several attempts were made by the writers to
test the effects of stability on Davidson's shade-

FIG. 5. Expected July values of C for wind speed of
12.1 mph, straight-line regression formula (12.1 mph =
average wind speed during July).
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FIG. 6. Relation between smoke concentration and
isobar curvature for eight stations, January 1940, hyperbolic formula. (C a — observed C; Cc — computed C.)

The first method described in the previous section
—employing equation ( 1 ) , daily mean wind speeds
and daily prevailing wind directions—was used to
account for the effects of wind. As has been
pointed out, the correlation coefficient for the eight
stations was 0.71.
The values of C computed through consideration of wind speed and wind direction were then
plotted against the observed Cs, F I G U R E 6, and
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each point was labelled as to the isobar-curvature
nature of the day. The results show that low
smoke concentration was associated with anticyclonic curvature and high concentration with
cyclonic curvature. The correlation coefficient
rose to 0.85 when values computed for anticyclonic
days were multiplied by 0.905 and those for the
rest were multiplied by 1.180. The July data
were not tested for effects of isobar curvature.
While use of the isobar curvature parameter
produced a significant correlation improvement for
the month of January 1940, it is believed that
many more months must produce similar results
before reliance can be placed on use of isobar curvature in smoke-concentration prediction. The
present analysis suggests, nevertheless, that the
assumption of direct proportionality between degree of stability and amount of suspensoids in the
air may, in some cases, be subject to considerable
error.
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