
Chapter 2 

Meteorological Fundamentals for Atmospheric 
Transport and Diffusion Studies 

2-1 INTRODUCTION 

The science of meteorology is composed of a 
variety of subdisciplines, all of which have some 
bearing on the understanding of transport and 
diffusion processes in the atmosphere. One of 
the purposes of this chapter is to present some 
of this peripheral information to those readers 
who are not meteorologists. Another purpose is 
to introduce the reader to the concepts and ter-  
minology used in atmospheric transport and dif-  
fusion studies. 

The early sections of the chapter deal with 
some of the basic physical atmospheric pro- 
cesses and the weather systems that result 
from these processes. One section is devoted 
to climatology and conventional weather data. 
The later sections deal, in a generally qualita- 
tive way, with the fundamental concepts related 
to transport and diffusion studies. Many of these 
topics are  developed in a more rigorous mathe- 
matical form in Chap. 3. The reader who wishes 
to go further in his study of basic meteorology, 
turbulence, and diffusion will find a list of stan- 
dard textbooks at the end of this chapter. 

2-2 THE PHYSICAL BASIS 
OF LOCAL CLIMATE 

2-2.1 Solar Radiation and the Earth‘s 
Energy Balance 

The present atmosphere of the earth is the 
result of various geophysical, biological, and 
chemical processes, some of which are stillgo- 
ing on. The chief constituents of the atmosphere 
are nitrogen and oxygen, which make up 75% and 
230/,, respectively, of its total mass. In addition, 

there are  very small quantities of argon, neon, 
helium, and other inert gases, methane, nitro- 
gen dioxide, and hydrogen, as well as small, 
variable amounts of water vapor, carbon diox- 
ide, and, in the upper atmosphere, ozone. 

The permanent constituents of the atmosphere 
are  found in the same proportion throughout a 
region called the homosphere, which extends 
from the surface to a height of about 85 km; the 
chief variable constituents, water vapor and 
carbon dioxide, are found primarily in the low- 
est few kilometers. For practical purposes a i r  
may be treated a s  if it were a single gas with its 
own physical and chemicalproperties. For ther- 
modynamic considerations a i r  is assumed to be 
an ideal gas. 

The sun is the primary source of energy for 
the earth-atmosphere system, and its influence 
is felt in the radiant energy that is the basic 
source of heat to the atmosphere. The sun radi- 
ates energy approximately as if it were a black- 
body at  a temperature of about 6000°K. (The 
intensity of blackbody radiation is proportional 
to the fourth power of the temperature, and the 
wavelength of maximum intensity is inversely 
proportional to the temperature.) About 99% of 
the sun’s radiation is in the 0.15- to 4.0-p wave- 
length range, with maximum intensity a t  about 
0.5 p in the visual portion of the spectrum. A 
small portion of this radiant energy is inter- 
cepted by the earth; the exact amount reaching 
the earth’s surface depends on time of year, 
time of day, latitude, topography, and weather 
conditions. 

Were it not for the presence of the atmo- 
sphere and the complexity of the earth’s sur- 
face, the distribution of solar energy would be a 
simple matter. The intensity of solar radiation 
reaching any point on the earth’s surface would 
be greatest where the sun was directly overhead 
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and 'would diminish with zenith angle, becoming 
zero where the sun was below the horizon. The 
total amount of solar energy received at the 
su,-face in the course of a day would be the 
same at every point around a parallel of latitude 
and, owing to the tilt of the earth's axis, would 
display a seasonal variation. The distribution 
of radiant energy would be determined solelyby 
the relative positions of the earth and the sun. 
On June 22 the duration of sunlight would, 
if there were no atmosphere, vary from zero 
south of 66 "30% to 12 hr at the equator and 
24 hr  north of 66'30'N. At this time the total 
daily radiation would have a maximum value in 
the Arctic, where the sun would be continu- 
ously above the horizon. On December 22 the 
op$osite situation would prevail with the Ant- 
arctic receiving the greatest daily radiation. 
On March 21 and September 22, when theearth's 
axis is perpendicular to the solar beam, the 
total daily radiation would be greatest at the 
equator, diminishing to zero at both poles. Ra- 
diation values during the summer would be 
greatest in the southern hemisphere because 
the earth is closest to the sun in January. If 
the year as a whole is considered, the greatest 
total insolation would be found at the equator 
with insolation values decreasing toward each 
pole. 

In the presence of the atmosphere, the picture 
changes. The solar energy is depleted by re- 
flection from cloud tops, scattering by airborne 
particulates, and absorption by atmospheric 
gases with subsequent reradiation both to space 
and to the ground. The greatest relative deple- 
tion takes place near the poles where the sun is 
at a low angle and its rays must pass through 
the greatest thickness of atmosphere. Therefore 
the primary effects of the atmosphere are  to re- 
duce the values of insolation, generally, and to 
displace the summer maximum in the northern 
hemisphere from the pole to about 35 ON. 

Of the solar energy reaching the earth's sur- 
face, a portion is reflected back to space, and 
the remainder is absorbed at  the surface. The 
absorbed energy may be converted to heat en- 
ergy, either directly by raising the surface 
temperature o r  indirectly by causing water to 
evaporate, o r  it may be converted to mechani- 
cal, electrical, o r  chemical energy. This energy 
may set  up convective motions within the atmo- 
sphere, o r  i t  may be stored in the earth for 
lengthy periods, such as occurs when chemical 

energy resulting from photdsynthesis is stored 
in fossil fuels for many millennia before being 
converted to heat. The earth has an average 
surface temperature of about 280°K to 300°K 
and radiates approximately as if it were a black- 
body in that temperature range, over a range of 
wavelengths extending from 4 to 80 p with max- 
imum intensity at a wavelength of about 10 p in 
the infrared range. A large portion of this en- 
ergy is absorbed and reradiated by the atmo- 
sphere, which does not behave as a blackbody 
but absorbs and radiates in various wavelength 
bands. Water vapor and carbon dioxide are the 
chief absorbing gases although both are  nearly 
transparent to wavelengths from 8.5 to 11 p, in 
the vicinity of the peak of the curve. Since these 
two gases are  concentrated in the lowest layers 
of the atmosphere, most of the absorption takes 
place there. 

Because the oceans occupy a major portionof 
the earth's surface (TO%), absorption of solar 
radiation at the surface is accompanied by evap- 
oration of seawater. The latent heat used in 
evaporation is released when the vapor con- 
denses, usually at higher levels, in storm and 
cloud systems. Through rather complex mecha- 
nisms this energy becomes available for driving 
the various atmospheric wind systems -tropi- 
cal hurricanes, subtropical anticyclones o r  
high-pressure systems, mid-latitude cyclonic 
storms, the jet stream, and smaller circula- 
tions of all sizes. The well-ordered large-scale 
air motions are  accompanied, especially near 
the surface, by irregular small-scale motions 
called turbulence. These motions exist in a 
continuous range of sizes extending down to 
fractions of a centimeter. The large turbulent 
whirls, or eddies, are  thought to transmit 
energy to the small ones until ultimately this 
energy is dissipated as heat. The complex 
interrelations among the various atmospheric 
motions have the effect of transportingpoleward 
the excess solar energy received in the tropics 
and thus of maintaining the heat balance of the 
atmosphere. 

Highest air temperatures are  found at 0" to 
20"s in January and at 10" to 30"N in July. The 
isotherms do not lie along parallels of latitude 
as they would if solar radiation were the deter- 
mining factor; rather, they show a tendency to 
follow continental outlines, with higher temper- 
atures occurring over the oceans in winter and 
over the continents in summer. The belt of 
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highest temperature appears to lie near the 
belt of strongest insolation over land are i s ,  
but it is displaced toward the equator over the 
oceans. 

These discrepancies result from the nonuni- 
formity of the earth's surface. Different sur- 
faces reflect and transmit solar radiation in 
different degrees, depending upon the properties 
of the soil or surface material. The ability of a 
surface to reflect solar radiation determines 
the amount of solar energy available for ab- 
sorption by the soil and subsequent transmis- 
sion to the atmosphere. In general, light-colored 
dry surfaces are  the best reflectors; dark moist 
surfaces reflect poorly. Figure 2.1 shows some 
typical values of the percent reflectivity (albedo) 
of different surfaces. The average albedo of the 
northern hemisphere is estimated as 10%. 

The qualities of the soil that permit the 
transmission of energy depend on the physical 
properties of the soil material rather than on 
the surface features. The two physical proper- 
ties of importance are  thermal conductivity, or 
the rate of heat flow through a substance under 
steady temperature gradient, and specific heat, 
or the amount of heat necessary to raise the 
temperature of a given quantity of the substance 
by a fixed amount. When the thermal conduc- 
tivity is high, heat is transmitted through the 
soil to great depths during the day, and little 
energy is available at the surface. At night this 
stored energy flows upward through the soiland 
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Fig. 2.2-The diurnal extremes of temperature 
change with depth below the land surface. (a) Soil of 
low specific heat and conductivity. (b) Soil of high 
specific heat and conductivity. 

warms the atmosphere at the surface. When the 
specific heat of the soil is large, the addition of 
a given amount of heat produces a much smaller 
temperature change than when the specific heat 
is small. When both thermal conductivity and 
specific heat a re  large, a considerable amount 
of energy is stored to comparatively great 
depths in the soil, and the daily temperature 
range at the surface is small. When both values 
are small, little heat energy is stored, and the 
temperature range of the ground surface as well 
as the temperature range of the air near the 
surface is quite large. 

Figure 2.2 shows the typical daily tempera- 
ture range in soils having high and low thermal 
properties. The general slope of the profiles to 
the left with increasing depth is typical of a pe- 
riod of general atmospheric warming. A dry 
sandy soil with low specific heat and conduc- 
tivity due to the large amount of air trapped in 
the interstices between the grains (Fig. 2.2, 
curve a) exhibits the typical temperature varia- 
tions associated with soils having low thermal 
properties. Deserts a re  frequently composed of 
such a material and are  known for their daily 
temperature extremes. A densely packed rocky 



82-2.1 16 METEOROLOGY AND ATOMIC ENERGY -1968 

soil might be expected to show the morelimited 
range of temperature variation (Fig. 2.2, curve 
b). There is, however, some depth in any soil 
at which the temperature does not display a di- 
urnal variation. This depth is greatest in soils 
with high thermal properties. 

~n an evaluation of the overall effect of sur- 
face type on the radiation climate, both albedo 
and thermal properties must be considered. 
High values of both albedo and thermal proper- 
ties contribute to small diurnal temperature 
ranges, whereas low values contribute to large 
diurnal ranges. Sometimes the two factors op- 
pose each other, as in the case of fresh snow, 
which has a high albedo but low thermal prop- 
erties. Since the albedo is effective only during 
periods of sunshine, a snow surface displays 
the effect of high albedo by day and low thermal 
properties by night; thus the surface does not 
become very warm during the day but does be- 
come very cold at night. Nonuniform surfaces 
may be very difficult to evaluate. Estimates of 
the thermal properties of such “surfaces,” for 
example, forests, which present surfaces of in- 
termixed wood, leaves, and air, a re  made as a 
rule from consideration of the complete energy 
budget. 

Turbulent water has extremely high thermal 
properties, high enough, in fact, to outweigh its 
low albedo. Deep turbulent currents provide 
mixing, which transmits heat from the surface 
to great depths. Because of their tremendous 
capacity to transmit and store heat, the oceans 
serve as immense heat sinks or  sources. When 
land surfaces warm rapidly. (in summer), the 
ocean surfaces warm comparatively little and 
quite slowly, and, when the land cools (in win- 
ter), the oceans retain much of their warmth. 
This phenomenon accounts for the higher tem- 
perature of air over land in summer and over 
water in winter, A similar variation may be 
found over small bodies of water from day to 
night. This picture must be modified slightly to 
include the role of the major ocean currents in 
transporting heat from one area to another 
within the oceans. The tendency for the highest 
air temperatures to occur near th,e equator 
rather than in the belts of maximum insolation 
can therefore be attributed to the thermal lag 
exercised by the oceans. The high thermal prop- 
erties of water have an effect in land areas as 
well: wet soils tend to be good heat conductors 
with small temperature ranges. 

Up to this point the discussion has centered 
on an atmosphere of uniform composition. Ac- 
tually, however, the atmosphere contains sev- 
eral  variable components, such a s  carbon di- 
oxide, water vapor, dust, and, most important 
when considering radiation, clouds composed of 
liquid water droplets. When clouds are  present, 
the incoming solar radiation is greatly depleted, 
largely by reflection from the cloud tops. When 
cloud cover is randomly distributed over a large 
area of the earth’s surface, the average insola- 
tion over this area for some long period of time 
is reduced everywhere by the same amount. 
There are, however, types of cloud systems that 
reduce the insolation over certain specific loca- 
tions from those values found outside of these 
locations. Stationary and persistent cloud sys- 
tems a r e  frequently found along the windward 
side of mountain ranges. As  air flowing toward 
the mountains is forced to rise over the moun- 
tain barrier, it  experiences a temperature drop 
to the condensation point, and orographic cloud 
decks a re  formed. Over the lee slopes, the air 
sinks and warms, and the clouds aredissipated. 
A different sort  of phenomenon is the moving 
cloud system associated with extratropical or 
tropical cyclones. These storms tend to occur 
in certain areas and to move along roughly de- 
fined tracks; consequently the regions contain- 
ing these storm tracks experience an overall 
increase in cloudiness. 

The effects of cloud systems can be seen in 
Fig. 2.3, which shows the normal annual number 
of hours of sunshine in the United States. Low- 
est values occur along the western slopes of the 
Appalachians and the Rocky Mountains and in 
the Pacific Northwest; highest values occur in 
the deserts of the Southwest. In the absence of 
cloudiness, these isopleths, connecting areas of 
equal hours of sunshine, would lie along paral- 
lels of latitude. 

The average air  temperature at a given loca- 
tion is the result of the energy balance of the 
atmosphere at that location and depends on the 
factors just  discussed as well as advection over 
the location from colder or warmer regions and 
the elevation of the site. The resulting temper- 
ature patterns can be quite complicated, as 
shown in Fig. 2.4, a map of the average daily 
maximum air temperature for January con- 
structed from hourly observations taken a few 
feet above the surface. On a still smaller scale, 
the effects of soil type, ground cover, cities, 
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Fig. 2.3-Normal annual hours of sunshine in the United States. 

and small water bodies further increase the 
complexity of the energy balance and the re- 
sulting air temperature. 

2-2.2 The Local Energy Balance 
At noon, on an average day, the energy bal- 

ance might resemble that in Fig. 2.5. A variety 
of physical processes acting simultaneously will 
on a sunny day produce a net increase inthe 
temperature of the surface layers of the earth 
and of the atmosphere. Figure 2.5 represents 
average conditions. Under different conditions 
of cloudiness, wind speed, soil type, o r  mois- 
ture supply, the same processes will operate, 
but the fraction of the total energy used in each 
will differ. 

At night, when solar radiation is absent, the 
picture changes. The earth, radiating approxi- 
mately as a blackbody, is the source of energy. 
Because the surface temperature drops only 
slightly (from 300°K to 280"K, for example) and 
radiant emission is proportional to the fourth 
power of the temperature, the earth radiates 

outward at a rate only slightly less than that 
during the day. 

The earth emits energy over a continuous 
spectrum of wavelengths, but the atmosphere 
absorbs and radiates energy in certain wave- 
length bands only. Thus only part of the energy 
radiated outward by the earth is intercepted by 
the atmosphere. The result is a net loss of en- 
ergy to space. A typical nighttime energy bal- 
ance is shown in Fig. 2.6. This figure repre- 
sents conditions of average cloudiness. If the 
sky is overcast, very little radiant energy can 
be lost to space. Instead, this energy is ab- 
sorbed by the clouds and is reradiated down- 
ward, and the surface temperature remains 
relatively constant. On clear nights less energy 
is returned to earth by the atmosphere; as a 
result the loss to space is large, and the sur- 
face temperature drops considerably. Thus the 
picture at night is the opposite of that during 
the day. 

One atmospheric process that has not been 
considered in any detail is the change of state 
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of water. Water changes from liquid to solid or 
vapor form under suitable conditions of tem- 
perature, pressure, and density provided certain 
other factors, e.g., condensation nuclei, are  
present. Although this process is of prime im- 
portance in general meteorology, especially in 
the fields of cloud and precipitation physics and 
in the study of dew, frost, and fog formation, it 
is not usually a major factor in the study of 
atmospheric diffusion. 

2-3 WEATHER SYSTEMS 
Although the physical characteristics of a 

site may vary with time (presence or absence 
of leaves on trees, snow on the ground, ice on 
lakes, etc.), they a re  for the mostpartunchang- 
ing and may be thought of as relatively con- 
stant. Such characteristics as latitude, location 
within the landmass, altitude, slope of the 
ground, type of soil, nature of the groundcover, 
and proximity to areas of different geographical 
properties determine the evolution of meteoro- 
logical conditions at a given location in response 
to the large-scale meteorological conditions to 
which that location is exposed. It is this local 
response that results in the turbulent fluctua- 
tions of the air motions, which are, in turn, the 
determining factors in the diffusion of atmo- 
spheric properties and pollutants. 

The atmosphere is a continuum in space and 
time. Like any turbulent fluid it has a wide 
variety of perturbations on all possible time 
and space scales. Certain of these perturba- 
tions repeat themselves again and again with 
sufficient similarity to permit them to be re- 
garded as members of a discrete family of vs- 
tems with fairly well defined boundaries and 
characteristics. Table 2.1 shows some of the 
common families. In addition to these patterns, 
there is an infinite variety of wind patterns that 
do not fit into any discrete categorization but 
can be considered as random perturbations in 
the mean wind field and therefore a re  studied 
statistically rather than in terms of discrete 
systems. These fluctuations, including mechani- 
cally and thermally induced motions, range in 
size from a fraction of a centimeter upward. 

4 Fig. 2.4-Average daily maximum temperature along 
the Atlantic Coast in January (OF). (Bernstein and 
Hosler, 1959) 
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Table 2.1 -FAMILIES OF WEATHER SYSTEMS 

Scale Size 

Very large: 

Large: 
Long waves 

Cyclones 
Anticyclones 
Jet stream 
Hurricanes 
Fronts 
Monsoons 

Medium or mesoscale: 
Meso highs and lows 
Squall lines 
Land-sea breezes 
Mountain and valley 

breezes 

1 
Small: 

Tornado 

Thousands of kilometers 

Many hundreds to a few 
thousand kilometers 

Tens to a few hundred 
kilometers 

Less than 1 km 
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These “chaotic” fluctuations are in great part 
responsible for turbulence and diffusion on 
scales of importance in local air-pollutionprob- 
lems. 

The wind patterns associated with all sys- 
tems on all time and space scales, both those 
with a recognizable identity and those of less 
obvious characteristics, make some contribu- 
tion to the movement and diffusion of matter 
injected into the atmosphere and are  therefore 
of some interest here. 

Weather systems may be divided into six 
main categories: 

1. The general circulation. 
2. Phenomena associated with a particular 
, type of air mass. 
3. Isolated phenomena occurring at random 

locations within an air mass. 
4. Phenomena associated with the boundaries 

of air masses of different types. 
5. Stationary phenomena associated with some 

particular geographic feature occurring at 
a fixed location. 

6 .  Chaotic systems. 

2-3.1 The General Circulation 

Above the surface layer large-scale air move- 
ment is determined by the general heat balance 
of the earth. Air receives heat from the ground 
at the equator and rises; a i r  loses heat near the 
poles and sinks. Dynamical considerations indi- 
cate that, if no other factors operated, the re- 
sulting circulation would consist of two convec- 
tive cells, one between the equator and each 
pole. In each cell air would flow from the pole 
to the equator near the surface; there it would 
rise and flow aloft back to the pole. Because the 
earth is a rotating spheroid, however, other 
factors, such as centrifugal and Coriolis forces, 
modify this simple picture. 

In north temperate latitudes the surface winds 
generally blow from southwest to northeast, 
whereas in polar latitudes they generally blow 
from northeast to southwest. The region be- 
tween the cold polar and warm tropical air 
masses where these two flows meet is the 
spawning ground for major mid-latitude storms. 
These storms generally move in an easterly di- 
rection, transporting cold polar air southward 
and thus forcing the warm tropical air to rise 
and move northward. 

This crude description does little justice to 
the actual phenomena, which are far more com- 
plex than suggested here. It does indicate, how- 
ever, that the large-scale wind pattern is dy- 
namically related to the global energy balance 
and is generally independent of local features 
of the terrain. 

2-3.2 Air-mass Weather 
An air mass is formed when a large portion 

of the atmosphere remains over an extensive 
area of uniform surface features long enough 
for the air to take on certain characteristic 
values of temperature, moisture, and stability. 
These values are determined by the underlying 
surface and show little horizontal variation 
within the mass. An air-mass source region 
has rather vague boundaries and may extend 
over millions of square kilometers. Ai r  masses 
are  generally classified according to their 
source regions, e.g., continental polar and mari- 
time tropical. When the large-scale circulation 
changes, the air mass moves away from its 
source region. As it passes over differenttypes 
of surfaces, its properties are modified until 
gradually the mass loses its identity as a rec- 
ognizable system. For example, a cold conti- 
nental polar air mass moving southward over a 
warmer surface becomes warmer in its lower 
layers; a dry continental air mass moving out 
to sea  becomes moist. While this modification 
is occurring, the circulation pattern may change 
again, and conditions over the source region 
may become conducive to the formation of a 
new air mass. 

Within an air mass, owing to the general uni- 
formity of the atmosphere, every locality re- 
ceives the same “input” from the large-scale 
weather regime. If the winds are light, rela- 
tively little horizontal mixing will occur and 
differences in the microweather of the various 
locations will be due primarily to the differ- 
ences in the local features. If the winds are 
strong, conditions will tend to be horizontally 
homogenecus. 

One characteristic of air-mass weather is 
the subsidence inversion usually associated with 
regions of high pressure. Inversions, which are  
discussed more fully later in this chapter, may 
be simply defined as an atmospheric state in 
which temperature increases with height. Such 
a vertical stratification tends to inhibit turbu- 
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lence and thus to reduce the extent of atmo- 
spheric mixing. At the earth’s surface air gen- 
erally flows radially outward from high to low 
pressure. This flow is compensated by the sink- 
ing of the air within the high-pressure system. 
When a layer of air sinks, the temperature at 
the top of the layer increases more than the 
temperature at the bottom. If the layer sinks far 
enough, a subsidence inversion will be formed. 
Subsidence inversion layers are not normally 
based at the ground. 

Subsidence inversions are  generally present 
in the eastern regions of the semipermanent 
oceanic high-pressure systems found at about 
30”s and 30”N. In these locations they are rea- 
sonably permanent and stationary systems. Los 
Angeles is in one such location. The subsidence 
inversion associated with the Pacific High com- 
bines with local topography and pollutant emis- 
sions to cause the smog problem in that city. 

Subsidence inversions are also found in high- 
pressure systems associated with polar air 
masses. These are moving masses of cold air 
formed, in this hemisphere, over the northern 
parts of the American and Asian continents. 
Since these are  moving systems, no one locality 
is generally under the influence of the inver- 
sion for more than a few days. 

The surface-based radiation inversion is an- 
other type of inversion frequently associated 
with high-pressure systems. The radiation in- 
version is a nocturnal phenomenon associated 
with clear nighttime skies and light winds, Both 
subsidence and radiation inversions may be 
widespread phenomena extending over areas 
ranging from tens of thousands to hundreds of 
thousands of square kilometers. The major dif- 
ference between them is that the radiation in- 
version depends on the time of day, nature of 
the surface, and local cloud cover, whereas the 
subsidence inversion depends only on the large- 
scale sinking motion of the air mass. 

2-3.3 Isolated Disturbances Within 
an Air Mass 

The primary characteristic of isolated dis- 
turbances is the apparent randomness with 
which they occur within the air mass. Small, 
patchy clouds caused by local anomalies of 
heating are typical visible systems of this type. 
Small perturbations in the wind and tempera- 
ture field on the same scale as theseclouds are 

also included in this category. These perturba- 
tions are  not usually regarded as discrete en- 
tities but are treated statistically and are  
categorized by such statements as “scattered 
cloudiness” o r  “gusty winds.” The air-mass 
thunderstorm is a possible exception. These 
thunderstorms do have an identifiable circula- 
tion, and this circulation may exist for a period 
of an hour o r  more, 

2-3.4 Air-mass Boundary Systems 

The major sources of inclement weather in 
the temperate latitudes are  the boundaries 
between air masses (fronts) and the cyclonic 
storms that form on these boundaries. Although 
it is common knowledge that the a i r  tempera- 
ture decreases as one moves from tropical 
locations northward toward the temperate lati- 
tudes and, finally, to the Arctic, it is not so 
well-known that this transition usually occurs 
in reasonably discrete steps. As  one proceeds 
northward from the equator, air temperatures 
remain fairly constant until the polar front is 
reached. In winter the mean position of this 
front is somewhere in the southern United 
States. The actual position of the front is highly 
variable although it can usually be traced around 
the world. At any one time there may be nu- 
merous breaks in the front and areas where it 
is a thousand o r  more kilometers north o r  south 
of its mean winter position. In any case, along 
this boundary separating the cold polar a i r  
masses from the warmer tropical air, the 
major cyclonic storms of the northern hemi- 
sphere develop and move. In summer the polar 
front will be found farther north, in the latitudes 
of southern o r  central Canada. 

A typical winter surface weather map is 
shown in Fig. 2.7. The polar front meanders 
irregularly from the Atlantic to the Pacific 
oceans, the cold air always north of the frontal 
lines. The passage of a low-pressure center, 
such as that north of New York State, is ac- 
companied by falling pressure and increasing 
cloudiness ahead of the center and rapid clear- 
ing and coi9er weather after the center has 
passed. The upper-air map accompanying this 
surface map is illustrated in Fig. 2.8. 

Routine weather data, such as are measured 
at  a typical U. S. Weather Bureau Station, a re  
the data that a re  conventionally thought of as 
describina the weather o r  climate of a location 
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Fig. 2.7-An example of a typical surface weather map. The thin 
solid lines a re  isobars connecting points of equal atmospheric 
pressure. The heavier lines with pips a re  fronts separating air  
masses of different characteristics. The thin arrows depict the 
general surface-wind flow about the pressure systems, and the 
broad arrows indicate the direction of motion of the highs (H) and 
lows (L). Areas of precipitation a re  indicated by shading. 

for most general purposes. The data are  used 
to construct weather maps called synoptic maps 
because all the observations were taken at the 
same time and thus represent a synopsis of the 
weather at that time. The data a re  also used in 
many other types of analyses necessary for 
understanding and predicting the large-scale 
general state of the atmosphere. 

The surface map shown in Fig. 2.7 is based 
on observations made at hundreds of weather 
stations. On the basis of these observations of 

temperature, dew point, pressure, wind ve- 
locity, cloud cover, and occurrence of weather 
phenomena, the map has been analyzed; i.e., 
the observations have been interpreted in terms 
of weather systems (the lows, highs, andfronts), 
which have been drawn on the map. Lines of 
constant pressure (isobars) have been drawn to 
delineate the pressure systems. Precipitation 
patterns have been indicated. The variation of 
the weather parameters from place to place on 
these maps can be noted. In addition, the tem- 
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Fig. 2.8-Upper-level (500 mb) weather map corresponding to the 
surface weather map in Fig. 2.7. The contours of this constant- 
pressure surface map are labeled in feet above mean sea level. 
The barbed arrows represent measured wind speeds and directions 
at this level. 

poral variation of these same parameters is 
apparent from the change and movement of the 
systems on a sequence of weather maps. 

The upper-air charts (500-mb charts) are 
constructed for a fixed-pressure surface, and 
instead of isobars lines of constant height 
above sea level (isohypses) are drawn. These 
lines are frequently called “contours” because 
of their similarity to contours on topographic 
charts. The contours delineate highs and lows 
just as the surface isobars do. At this altitude 
closed patterns are much less common than 

they are at the surface. Regions of low height 
are frequently identified as troughs, and re- 
gions of great height, as ridges. The wind at 
these heights generally blows along the contour 
lines. Considerably less variation in the weather 
parameters is evidenced on these high-level 
charts. This uniformity is due to twofactors: 
the absence of surface effects (a  true physical 
cause) and the greater spacing between upper 
air stations, which may result in a simplicity 
that more-complete data would show to be un- 
warranted. 
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Other types of charts commonly used to dis- 
play the spatial and temporal variations of 
weather conditions are vertical soundings that 
show the wind and temperature as a function of 
pressure or height above an individual station 
and cross sections that show these variables as 
well as clouds as a function of height and time 
or of height and horizontal distance. Depending 
on the need, weather charts may be analyzed by 
drawing lines of constant density (isosteres), 
lines of constant wind speed (isotachs), lines of 
constant wind direction (isogons), lines showing 
the instantaneous flow patterns (streamlines), 
and lines showing the path of travel for a fluid 
particle (trajectories). 

The weather maps described above a re  typi- 
cally subjective evaluations of the weather pat- 
terns. Until the early part of the 1940’s, these 
maps and the skill of the individual meteorolo- 
gist constituted the major forecasting tools. At 
about this time basic theoretical advances cou- 
pled with the then new numerical computers 
resulted in  the radically new method of routine 
forecasting of the pressure and flow patterns 
usually referred to as numerical weather pre- 
diction. This method called for the interpreta- 
tion of the map in terms of the fields of the 
various variables and for the extrapolation of 
these fields by theoretically derived formula- 
tions. These techniques have become quite 
sophisticated today and have achieved their 
greatest success in the prognosis of upper- 
level flow patterns. Because of the complexity 
of the surface of the earth, however, these theo- 
retically based, objectively implemented tech- 
niques have not yielded equal success in the 
forecast of the surface flow patterns or the 
prediction of actual weather conditions, e.g., 
clouds, fog, visibility, and precipitation. 

The study of large-scale weather, in general, 
and of air-mass boundary systems, in particu- 
lar, only briefly touched on here, constitutes 
the great bulk of past and present meteorologi- 
cal effort. Detailed discussions of these topics 
are given in the books noted in the bibliography 
at the end of this chapter. 

The significance of air-mass boundary sys- 
tems on local climate lies in the effects pro- 
duced by extensive cloud cover, precipitation, 
and strong winds. While a storm is passing, 
local weather is dominated for a period of 1 to 
3 days by large-scale dynamic processes and 
is, in large part, independent of local features. 

At other times the local weather is more likely 
to be dependent on local topographic conditions 
superimposed upon the generally more placid 
large-scale weather pattern. 

A discrete system that is usually found in 
conjunction with frontal systems, particularly 
the cold front, is the squall line, an extremely 
active line of violent thunderstorms that occa- 
sionally forms in the warm air prior to a 
strong and moving cold front. This line of ac- 
tivity is usually about 100 km long and a f e w  
kilometers wide and moves in a direction per- 
pendicular to its long axis. Thus its duration at 
any location is short, but its activity may result 
in local damage. The most violent of all the 
systems of the atmosphere, the tornado, is fre- 
quently found in squall lines as an appendage to 
the larger thunderstorms making up the lines. 

The hurricane, a system of infrequent occur- 
rence even in areas prone to hurricane visita- 
tions, is an air-mass storm that exhibits some 
of the outward characteristics of a mid-latitude 
frontal cyclone. Hurricanes usually form in the 
warm oceanic region near the equator and travel 
in a westerly direction, curving north into tem- 
perate latitudes to the east of the American con- 
tinent and finally northeast. At this time they 
generally lose their tropical characteristics. 

2-3.5 Weather Systems Associated 
with Fixed Geographic Features 

Weather systems associated with fixed geo- 
graphic features do not travel in space. They 
are the result of influences on the airflow 
produced by differing, juxtaposed geographic 
configurations, such as mountains and valleys, 
land and water, or cities and countryside. The 
many resulting weather systems are extremely 
varied in nature and size, e.g., the monsoon, 
sea breeze, mountain-valley wind, coastal fog, 
glacier wind, cloud and precipitation systems 
on the windward side of mountain ranges, 
foehn and chinook winds as well as standing 
waves and eddies on the leeward slopes, and 
the heat island over cities, a man-made fea- 
ture. Although these disparate systems are 
often described in terms of one meteorological 
variable, a change in one variable must be as- 
sociated with changes in the others. 

One such system quite common in the warm 
seasons along oceanic coastlines is the sea 
breeze. Since water warms more slowly than 
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land, the daytime air temperature over the 
ocean during the warm season is usually lower 
than that over the land. As  a result, if the gen- 
eral  wind flow is weak, a circulation develops 
from the sea to the land at low levels and from 
land to sea aloft, The entire system is rather 
shallow (usually limited to the lowest 1000 m) 
and may be detected as f a r  as 40 to 80 km in- 
land. The sea  breeze is important to diffusion 
studies at seaside locations because of the as- 
sociated changes in atmospheric stability, tur- 
bulence, and transport patterns. Moreover its 
almost daily occurrence at many seaside loca- 
tions during the warmer seasons results insig- 
nificant differences in diffusion climatology 
over rather short distances. 

During the midmorning hours of a clear 
summer day with light winds, the sea breeze 
will develop first as a gentle breeze felt to a 
distance of only a few hundred meters in from 
the shoreline. As  the sun rises, the sea breeze 
increases in inland penetration, depth, and 
speed, By midafternoon, the sea  breeze is at its 
greatest development and, as the sun sinks, be- 
gins to weaken. Frequently, at night after the 
sea  breeze has dissipated, a weak land breeze 
forms when the land is cooler than the water 
surface. This is more likely to occur duringthe 
winter season, at which time the land breeze 
reaches its maximum development. The land 
breeze is usually much weaker than the sea 
breeze. 

The term “sea breeze” is something of a 
misnomer because a similar circulation will 
be set up at the shores of anybody of water that 
is at a temperature significantly different from 
that of the adjoining land surface. The magni- 
tude of the circulation, however, is much 
smaller for smaller bodies of water. 

Another common local wind pattern is known 
variously as the mountain-valley o r  slope- 
valley wind. During clear nights when the pre- 
vailing wind is light, the wind in a valley 
frequently assumes a configuration after sunset 
similar to the one shown in Fig. 2.9. As the 
slopes of the valley cool by radiation, the air 
immediately adjacent to the slopes cools also 
and becomes more dense than the air over the 
center of the valley at the same elevation. This 
dense air drains down the slopes toward the 
valley axis. The drainage flow from the slopes 
at various points along the valley will combine 
into a general flow toward the valley mouth. 
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Fig. 2.9 -Idealized representation of the circulation 
that might be expected in a typical valley on a clear 
night. 

Although greatly dependent on the slope and 
configuration of the valley, on the ground cover, 
and on the prevailing large-scale meteorologi- 
cal situation, down-valley flows of perhaps 5 m/ 
sec are not uncommon. The slope -valley circu- 
lation, once established, will usually extend to 
the height of the ridge tops. This pattern will 
be destroyed after sunrise by the heating of the 
slopes and valley floor. 

On clear days with light winds, an oppo- 
site circulation pattern may develop. This 
upvalley, upslope flow is due to the heating of 
the air adjacent to the sun-warmed slopes and 
valley floor. This phenomenon is not as marked 
as the night flow. At  night, turbulence in the 
valley is suppressed by a thermal inversion 
(Sec. 2-5); thus the flow in the valley is com- 
paratively undisturbed. By day, however, the 
turbulence induced by the heated land surface 
can be expected to stir the air within the valley 
and to cause mixing with the free flow above 
the ridges. This turbulence constitutes a gen- 
eral disruptive mechanism and hinders the 
establishment of any sensitively balanced cir- 
culation patterns. Therefore, although daytime 
upslope, upvalley patterns undoubtedly exist, 
they are not so common o r  so well marked as 
the down-valley flow at night. 

Heating o r  cooling of the earth’s surface by 
incoming o r  outgoing radiation results in other 
circulation patterns. These patterns may not be 
quite so distinct as the sea breeze o r  slope- 
valley wind, but they too are  important in as- 
sessing local variations of atmospheric trans- 
port and diffusion. 
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Heating of the earth’s surface tends to induce On the large scale, mountain ranges fre- 
circulation patterns having large vertical com- quently produce widespread uplifting of air 
ponents; radiational cooling, however, results moving toward the barrier. The Olympic and 
in air motions that are primarily horizontal or  Cascade mountains in the state of Washington, 
parallel to the slope of the land. This is not re- which are  situated in a westerly flow of moist 
stricted to definite mountain-valley configura- air, furnish a dramatic example of large-scale 
tions but may be observed over any slopingland uplifting. Figure 2.10 shows the average annual 
provided the general wind over the area atnight precipitation over the state of Washingtoninre- 
is light. This drift of air is frequently called a lation to the major mountain ranges. 
drainage wind. In many localities of pronounced The variety of topographic obstacles and the 
slope, the drainage-wind direction, which is great diversity of weather situations create an 
reasonably similar on succeeding nights since unlimited range of local circulation patterns. 
it depends on the invariant ground contours, Under appropriate meteorological conditions 
will determine the climatological mean wind the disruption of an air stream by even a small 
direction. The large ice-cap continents of Green- hill can extend many kilometers vertically o r  
land and Antarctica display during their long horizontally downstream from the point of gen- 
winter nights an almost continuous drainage eration. Considering only the lower layers of 
wind that is disturbed only by the passage of a the atmosphere, (a) of Fig. 2.11 shows a cross 
storm. section of a topographic barrier perpendicular 

Another large class of stationary atmospheric to the general wind flow. Either of the two pat- 
circulation patterns is caused by the passage of terns shown is possible, but the patternshowing 
the air over topographic o r  man-made obsta- lee separation of the flow is more likely to OC- 
cles. These circulation patterns display a rota- cur during periods when the atmosphere is un- 
tional o r  oscillatory motion in the vertical when stable in the lower layers. The flow in a valley 
the air is forced to flow over the obstacle and perpendicular to a wind stream is shown in 
may be associated with clouds o r  even precipi- (b) of Fig. 2.11. Again, the resulting state is 
tation if the air is sufficiently moist. determined by a balance between the existing 

0 

3000 FT. ABOVE 

Fig. 2.10-Annual rainfall (in inches) for the state of Washington. 
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topographical and meteorological conditions. 
Moreover, if these conditions are  not strongly 
defined, it may be possible for the circulation 
pattern to change back and forth as first one, 
then another, balance is struck amongthe acting 
forces. The pattern shown in (c) of Fig. 2.11 is 
found when stable air lifted over a barrier be- 
gins to oscillate about some equilibrium value 
and gives rise to lee mountain wavephenomena. 
When the amplitude of these waves is large, the 
pictured rotor forms, and quite violent up and 
down drafts and rapid diffusion result. Local 
diffusion conditions vary rapidly from point to 
point when complicated patterns such as these 
exist. 

The horizontal, as well as thevertical, circu- 
latiop is affected by barriers in the flow. Fig- 
ure 2.12, a composite of many observations, 
depicts the perturbation in the wind field due to 
a simple hill. 

Many difrerent configurations are  possible 
.when the air flows at some angle to a valley. One 
such configuration is shown in (a) of Fig. 2.13. 
The thermally produced up- or  down-valley flow 
may enhance o r  subtract from the component 
of the wind in the valley caused by channeling. 
Another common situation, (b) of Fig. 2.13, 
shows high o r  even severe local winds pro- 
duced by a rather gentle flow through a pass 
in a mountain barrier. The Santa Ana wind of 
Southern California and the Columbia ‘Gorge 

Fig. 2.11 -Various flow patterns over topographic 
obstacles. (a) Over hills. (b) Over valleys. (c) A 
rotor in the lee of a mountain. 
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Fig. 2.12-The airflow in the vicinity of an idealized 
hill. The small arrows indicate horizontal wind di- 
rections about the plan view of the hill. (Halitsky, 
1961) 

winds are  examples of these phenomena in the 
United States. 

2-3.6 “Chaotic” Systems 
The weather systems discussed in the previ- 

ous sections may all be categorized by the facts 
that they *e repetitive and that each repetition 
of a particular system has the family character- 
istics of all the other systems of that type. Each 
system lies within a certain size range, and 
each has thermal‘and circulation patterns simi- 
lar to others in that family. If the wind patterns 
associated with these systems were to be sub- 
tracted from a highly detailed weather map, the 
resultant motion pattern would be difficult for 
the meteorologist to explain physically. The 
upper limit of size or  duration of such patterns 
is somewhat obscure, but the patterns would 
certainly be evident on scales of hours and of 
tens of kilometers and down to the smallest 
size instruments can measure. Some of these 
systems are  due to differential heating o r  cool- 
ing of the earth’s surface; others a re  mechani- 
cally induced by the wind blowing against ob- 
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Fig. 2.13-L)istortions of the wind flow by topo- 
graphic obstacles. (a) Channeling of the wind by a 
valley. (b) The effect of a mountain pass on the wind 
flow. 

stacles both man-made and natural; still others 
may be generated by differential motions within 
the atmosphere itself. These a re  the fluctuations 
in the wind that are  responsible for most of the 
diffusion and for a large part of the transport of 
materials in the atmosphere out to distances 
ranging up to tens of kilometers. The impossi- 
bility of ascribing a physical cause to each 
small perturbation in the wind has dictated the 
adoption of statistical methods by meteorolo- 
gists interested in relating wind fluctuations to 
diffusion in the atmosphere. 

24 CLIMATOLOGY AND CONVEN- 
TIORAL WEATHER DATA 

Before we proceed from the earlier discus- 
sions of general meteorology to those of spe- 
cific interest in diffusion studies, we will give 

82-4.1 

some attention to climatology and the use of 
conventional weather data (that data collected 
routinely by national weather services) in cli- 
matological analyses. 

2-4.1 Climatology 
Over a period of years, the fluctuations of the 

various meteorological variables at a given 
location result in distinctive patterns of average 
and extreme values of these variables, usually 
referred to as climatological statistics. Any 
number of such statistics can be constructed; 
e.g., considering temperature, one can compute: 

1. Average temperature for each day of the 

2. Average daily maximum. 
3. Average daily minimum. 
4. Average monthly, seasonal, o r  annual tem- 

5. Average monthly, seasonal, o r  annual max- 

6. Average monthly, seasonal, or  annual min- 

The temporal changes of wind direction and 
speed resulting from the weather systems just 
discussed can be combined to determine the 
wind climatology of a particular site. Of all the 
climatological data, those on the wind are of 
greatest interest and use in atmospheric trans- 
port and diffusion studies. One of the most com- 
mon yet useful of these climatological presenta- 
tions of wind data is the wind rose, a circle 
from the center of which emanate lines repre- 
senting the direction from which the wind blows. 
The length of each line is proportional to the 
frequency of the wind from that particular di- 
rection; the frequency of calm conditions may 
be entered in the center. Many variants of the 
wind rose exist. Some wind roses indicate the 
range of wind speed from each direction; some 
relate wind direction to other weather occur- 
rences. Figure 2.14 shows a typical wind rose. 

Figure 2.15 shows a composite night and day 
wind rose for New York City duringthe summer 
months. This wind rose was constructedfrom 
observations made during five summer seasons. 
The contribution of the sea breeze to the day- 
time wind distribution during the summer sea- 
son is quite evident. Figure 2.16 shows a col- 
lection of wind roses for the hilly area adjacent 
to the Oak Ridge National Laboratory in Ten- 
nessee. The channeling caused by this moun- 

year. 

perature. 

imum temperature. 

imum temperature. 
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tain-valley configuration is evident from the 
skewness of some of the individual roses. 

Another way to introduce more detail on di- 
urnal variability into a pictorial presentation is 
shown in Fig. 2.17. The lines in thisfigure con- 
nect all points of equal wind speed; the shaded 
areas represent the frequency with which a 
particular wind direction occurred at a par- 
ticular time of day. 

Figures 2.15, 2.16, and 2.17 are  examples of 
the information that can be presented on the 
seasonal and diurnal variation of the wind. It is 
frequently of interest to specify the directions 
and speeds associated with various weather 
conditions. The presence or absence of inver- 
sions or precipitation can be used to derive 
inversion and precipitation wind roses. Vertical 
temperature data are  needed for the construc- 
tion of an inversion wind rose. If such data are 
not available, a good approximation may be 
made by constructing a night wind rose. 

2-4.2 The Use and Collection 
of Available Weather Data 

Gross estimates of the diffusion o r  engineer- 
ing climatology of a particular site can fre- 
quently be made by the proper use of so-called 
available data. These data include any observa- 
tions taken by federal, state, municipal, o r  
private organizations which a re  considered to 
be representative of the site in question. Such 
data exist in great profusion. 

The U. S. Weather Bureau, now part of the 
Environmental Science Services Administration, 
has been  charged by act of Congres s  withthe 
responsibility for observing, recording, and 
forecasting the weather over the United States 
and its possessions for the use of the general 
public. The responsibility for collecting weather 
data for solely military purposes has been as- 
sumed by the armed services. Other weather 
data are collected by commercial and educa- 
tional organizations for operational and ‘re-  
search purposes. The great bulk of the raw 
information collected by the governmental agen- 
cies, both civilian and military, is available to 
the interested public, some routinely at negligi- 
ble cost and the rest by special request. 

The Weather Bureau operates or is involved 
in weather-data collection at some 14,000 loca- 
tions within the United States and its posses- 
sions. Of these, approximately 300 are locations 
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Fig. 2.14-A typical wind rose with wind-speed in- 
formation. 
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Fig. 2.15-A day-night wind rose showing, in this 
case, the diurnal effect of the sea breeze. 
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which a complete record of all the surface- 
&served weather elements is kept as a routine 
matter. Observations including sky cover, visi- 
bility, pressure, temperature, humidity, wind 
velocity, precipitation, and various special ele- 
ments are made hourly or even more frequently 

at times of rapid weather changes. These data 
are disseminated by teletype within an hour of 
the observation time. In addition to these sta- 
tions, almost 700 other weather stations are 
operated either partially or entirely by per- 
sonnel who are not employed by the Weather Bu- 

Yo FREQUENCY 
SPRING 1950 

Fig. 2.16-Map of the hilly area about the Oak Ridge National 
Laboratory showing the wind flow in this region by means of 
massed wind roses. The shaded areas represent elevated terrain. 



FREQUENCY 
I l l  

0 
0 0 % - 0 1 9 %  

0 
0 2ov.-0 39% 

0 4 0 % - 0  59% 

I 
0 6 0 5 - 0 7 9 %  

WEATHER AND SURFACE W 
BOSTON, MASS. ( Logan Field) 

Local Stondord Tlme 
00 01 02 03 04 05 ' 0 6  07 08 0 9  10 11 12 13 14 15 16 

N 

ND D,ATA 

WINTER (Dec., Jan.,Feb.) 

SSE I 2  MPH + . t.l . . * *  - 

Bar graph Line 

for eoch hour (%) 

wind speed 
for eoch hour 

of the day (mph) 

precipitation by 

wind direction 

0300 GMT low- 
level inversions 

by wind 
direction 

0.5% 

Saosonal frequencyl')of 
prec~pi tot~on 19.2% 

Seasonal frequency of 0300 GMl 
inversions 5 4 %  

Averoge seasonal w ~ n d  speed 

FREOUENCIII) Ph) . NUMBER OF OCCURRENCES OF THE EVENT FREOuENCI(21 , NUMBER OF OCCURRENCES OF THE EVENT 
ALL  OBSERVATIONS DURING SEASON - OBSERVATIONS FOR A GIVEN HOUR DURING SEASON 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

SW 

WSW 

W 

WNW 

NW 

NNW 

CALM 

Fig. 2.17-An alternate form of presenting wind data and other weather statistics. Average wind speed and direction frequency of occurrence are presented 
for each hour of the day. All frequency computations based on 5 years of data. 

- . . + . ,  -- - " - , " "  . . .- . - .  -." 



32 METEOROLOGY AND ATOMIC ENERGY -1968 02-4.3 

rem but who cooperate with the Weather Bureau 
in more-limited observational programs. The 
data from many of these stations are  also rou- 
tinely available over the teletype networks. 
Finally, there are  13,000 other weather ob- 
servation points primarily devoted to measur- 
ing temperature and precipitation. These sta- 
tions do not report over the established teletype 
circuits. The data from all three weather-station 
categories are available from the National 
Weather Records Center (NWRC), an organiza- 
tion discussed in Sec. 2-4.4. 

In addition to the surface observations, ap- 
proximately 50 of the stations recording all 
surface-observed weather also routinely ob- 
serve the wind, temperature, and humidity 
structure of the atmosphere up to heights of 
more than 25,000 m. These data are takentwlce 
a day and are also disseminated by teletype. 

Much of the surface and upper-air data just 
described is available from the $NWRC on punch 
cards. Other data a r e  available in log form 
(Weather Bureau Form WBAN 10a and lob) 
or as analog traces where the original chart 
records have been retained. 

In addition to this basic information, the 
Weather Bureau observes many special phe- 
nomena, such as solar radiation, radar echoes 
from rain areas, and river stages. Again, most 
of these data for past years are available from 
the NWRC. 

The last group of weather data sources is so 
diverse as to defy any general attempt at clas- 
sification. Meteorological research projects 
have frequently gathered large bodies of special- 
ized meteorological data. Project reports are 
occasionally rich sources of weather data. 
Some of these, dealing primarily with diffusion, 
are noted in Chap. 4. Other sources of data for 
particular locations may be found in the litera- 
ture from turbulence, aviation, agricultural me- 
teorology, hydrology, and fire weather studies. 
A familiarity with these fields is necessary for 
determining the data sources since no single 
inclusive list of data compilations is available. 

The requirement of the Atomic Energy Com- 
mission for a safety analysis of most sites 
proposed for a nuclear facility has resulted in 
about 200 safety analyses. The analyses for 
these sites frequently present weather data in 
considerable detail. Copies of these reports are 
not generally available; they are kept at the 

AEC Public Document Room in Washington, 
D. C. 

Many municipal and state agencies, particu- 
larly those involved in pollution, conservation, 
and port management, take series of limited or 
comprehensive weather observations. Educa- 
tional institutions, particularly the colleges and 
universities with meteorological curricula, are 
also sources of weather data. 

A large body of usually unprocessed wind and 
temperature data has been collected at various 
industrial locations, particularly at chemical 
and petroleum sites. A s  an instance, a recent, 
rather cursory, survey identified over 45 wind- 
recording systems within 40 miles of New York 
City. 

Recently, the archival facilities of the NWRC 
have been offered to any organization that 
wishes to preserve its weather records provided 
the station location and instrumentation are 
properly documented. 

2-4.3 Summarized Meteorological Data 
Although raw meteorological data are useful 

in many applications, their reduction to cli- 
matological statistics is time -consuming and 
costly. In many applications climatological sum- 
maries prepared by the U. s. Weather Bureau 
or other agencies may be found useful. A wide 
variety of these exists for both surface and 
upper-air observations. Some sources of these 
summaries are described in the following para- 
graphs. 

The U. S. Weather Bureau has prepared a 
publication titledA Selective Guide to Published 
Climatic Data Sources Prepared by the U. S. 
Weather Bureau. It is sold by the Superintendex 
of Documents, U. S. Government Printing Office, 
and is an invaluable source of data summary 
information. Both surface and upper-air data 
are represented. 

The Department of the Navy has published a 
volume titled Guide to Standard Weather Sum- 
maries (Navaer 50-1C-534). This document 
contains a list of standard weather summaries 
prepared by the Navy, Air Force, and Weather 
Bureau as well as sample formats from each. 
A second part of the volume lists the summa- 
ries available for approximately 9000 weather 
stations around the world. This publication is 
currently for sale by the Superintendent of 
Documents as catalog number D 202.6/7:W37. 
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The following summaries of Weather Bureau 
data are  routinely available from the Superin- 
tendent of Documents, U. S. Government Print- 
ing Office, Washington, D. C. 20402, at nominal 
cost. In some cases only recent issues are 
available. 

Climatography of the United States, NO. 82 
(Decennial census of the United States Climate- 
Summary of Hourly Observations, 1951-1960): 
This ser ies  is the most generally useful single 
summary prepared for a wide variety of uses. 
When completed, this series will treat approxi- 
mately 150 major cities. Since most weather 
stations are at airports, these summaries may 
represent either urban o r  rural statistics. The 
“82” series replaces a similar series, Clima- 
topaphy of the United States, No.  30, which was 
based on 5 years of data from approximately 
100 weather stations. 

Local Climatological Data Summary (includ- 
ing monthly supplement): This publication sum- 
marizes the weather for a particular month 
rather than the mean of many repetitions of that 
month. The data are  presented for each day of 
the month and for each hour of each day. The 
supplement includes a portion of the surface 
observation for every third hour of each day. 
An annual summary is also prepared. 

A complete list of governmental weather-data 
summaries is given in the price list Weather, 
Astronomy, and Meteorology, 48th Edition (May 
1960), which is d i s t r i b u t e d  at no cost by 
the Superintendent of Documents, U. S. Govern- 
ment Printing Office, Washington, D. C. 20402. 

2-4.4 The National Weather 
Records Center 

The National Weather Records Center is op- 
erated by the Environmental Science Services 
Administration at Asheville, N. C. Since the 
various functions of the Center are  described 
by Barger (1960), only a brief summary will be 
given here. 

The Center contains over 400,000,000 punched 
cards bearing meteorological data. Every effort 
is made to ensure that a copy of each meteoro- 
logical record collected in the United States 
and its possessions is stored in the NWRC de- 
pository. In addition to the cards, various me- 
teorological observation forms and a wide 
variety of original recorder charts are stored. 

The Center i s  manned by about 500 employees 
who operate a wide variety of accounting ma- 
chines and digital computers. At the Center 
observations are checked and prepared for pub- 
lication. The facility provides, at cost, hand 
and machine computations, charts and map 
analyses, relationship studies, etc. to the gen- 
eral  public, industry, agriculture, and other 
government agencies. The records are held of - 
ficially as a designated extension of the National 
Archives. Navy climatological data are also 
processed, and an Ai r  Force contingent, work- 
ing primarily with its own data, carries out 
requests of its own service or  of contractors. 

Copies of all the raw data, including cards, 
various observation forms, and autographic 
records can be obtained from the Director, 
National Weather Records Center. Data other 
than those on cards are  usually available in 
photocopy, Ozalid, o r  microfilm form. Unpub- 
lished data summaries including upper-air and 
surface data, Navy summaries (SOMAR and 
SMAR), and Air Force summaries (A, B, C, D, 
E surface weather observations) a re  also avail- 
able. The Center will prepare, on request, a 
summary of all pertinent data available for a 
given small geographical area. For areas  larger 
than a standard metropolitan statistical area, 
for example, it would be best to discuss data- 
acquisition problems with the Director, Na- 
tional Weather Records Center, before request - 
ing a list of all available data. The Center also 
prepares the Weather Bureau summaries re- 
ferred to in Sec. 2-4.3. 

In addition to storing data and preparing rou- 
tine summaries, the Center will also prepare 
data according to the client’s requests. Al- 
though each such task is unique, a copy of the 
resulting tabulation is kept in information files. 
New requests a re  reviewed in the light of these 
previous summaries, and copies are provided 
to the client at the cost of the reproduction if 
the information is pertinent to his problem. 

2-5 THE VERTICAL TEMPERATURE 
STRUCTURE OF THE LOWER 
ATMOSPHERE 

Atmospheric turbulence, the state of chaotic 
motion discussed in Sec. 2-3.6, has been found 
to depend in large measure on the vertical 
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gradient of temperature, one response of the 
atmosphere to the energy balance in the earth- 
atmosphere system. The nature of the tempera- 
ture structure in the first  approximately lOOOm 
of the atmosphere is the subject of the follow- 
ing sections. 

The fact that atmospheric pressure decreases 
with height was established during the middleof 
the 17th century. If by some unspecified pro- 
cess a parcel of air is carried upward in the 
atmosphere, the pressure of that parcel will 
decrease in response to i ts  surroundings. The 
decrease of pressure within the parcel will be 
associated with an increase in volume and ade- 
crease in temperature. If the process is as- 
sumed to be adiabatic, i.e., without any ex- 
change of heat between the rising parcel and i ts  
surroundings, the rate of temperature change 
may be calculated from the first law of ther- 
modynamics. Because atmospheric motions gen- 
erally occur too rapidly to permit heat exchange 
with the surroundings the assumption of an 
adiabatic process is commonly made in meteo- 
rology. The rate of change of temperature with 
height, as determined from this adiabatic pro- 
cess, is referred to as the adiabatic lapse rate, 
the term lapse rate referring to the rate of 
change in the value of an element with height. 

The lapse rate in the real atmosphere over 
any given location usually.differs from the adia- 
batic. Owing to a variety of physical processes, 
the observed lapse rate in the atmosphere will 
differ in magnitude, and occasionally even in 
sign, in different layers above the surface. 
Thus the lifted parcel may at some particular 
level be warmer or cooler than its surround- 
ings. If, after moving upward for some distance 
and experiencing a fa l l  in pressure and an as- 
sociated drop in temperature, the parcel were 
at a lower temperature than its surroundings, 
its density would be greater than that of the 
surroundings, and buoyancy forces would accel- 
erate it downward. Unless some other force is 
operating, the air, once the lifting process has 
been terminated, will sink until it returns to its 
original level. If, however, the parcel, having 
risen, were at a higher temperature than its 
surroundings, buoyancy forces would accelerate 
it upward, and it would continue to rise. These 
two conditions are known as thermal or static 
stability and instability, respectively. An ex- 
actly similar situation would prevail for a 
parcel of air forced downward from its initial 
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position. When the atmosphere is thermally 
stable, turbulent motions are suppressed; when 
it is thermally unstable, turbulence is en- 
hanced. Buoyancy alone is not sufficient to ac- 
count for the motions that actually occur, but 
the vertical temperature structure, together 
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Fig. 2.18 -Examples of low-level vertical tempera- 
ture structure. In this figure the choice of surface 
temperature is arbitrary. 

with its associated buoyancy effects, is a nec- 
essary consideration in determining the energy 
of atmospheric fluctuations. 

The normal or standard lapse rate of tem- 
perature in the atmosphere (e.g., U. &Standard 
Atmosphere) is specified as a decrease of 
3.5"F/1000 f t  or 0.65"C/lOO m. A layer dis- 
playing no temperature change with height is 
described as isothermal; a stratum in which 
the temperature increases with height is called 
an inversion. These conditions are illustrated 
in Fig. 2.18. 

The unique atmospheric lapse rate in which 
an element of air is displaced from one level 
to another yet still maintains the same tem- 
perature o r  density as the surrounding air is 
the adiabatic lapse rate noted previously. Here 
the warming o r  cooling of a parcel during its 
downward o r  upward trip is exactly matched by 
the temperature gradient of the environment. 
Numerically the adiabatic, o r  neutral, lapse 
rate is equal to about l°C/lOO m or 5.4"F/ 
1000 ft. 

If the temperature in the atmosphere de- 
creases at a rate greater than the adiabatic 
rate, the lapse rate is termed superadiabatic. 
During superadiabatic conditions all vertical 
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motions a re  accelerated because a mass of air 
that is forced to rise is warmer and less dense 
than the surrounding air and thus continues to 
rise whereas one that is forced downward is 
cooler and more dense and continues tofall. 

2-5.1 The Diurnal Cycle of the Vertical 
Temperature Structure 

The daily cycle of vertical temperature pat- 
tern is typically as shown in Fig. 2.19, which 
was constructed from data taken during a late 
summer and early fall period in the eastern 
United States. At 0600 EST and 0700 EST a typi- 
cal surface radiational inversion is evident. By 
0800 EST the heating effect of the sunresults in 
the destruction of the lowest part of the inver- 
sion, and by 1000 EST no trace of the nocturnal 
inversion exists. The daytime hours show an 
unstable layer nearest the ground and a gradual 
heating of the entire layer of air representedby 
these traces. The return of the nocturnalinver- 
sion is evident at 1800 EST, and cooling of the 

entire layer progresses through the night. The 
presence of a cloud cover will reduce the inten- 
sity of the radiation inversion since the clouds 
will absorb the energy leaving the ground and 
reradiate it back to the ground; thus a higher 
temperature will be maintained than that real- 
ized during clear sky conditions. Furthermore 
strong pressure-gradient-induced winds give 
rise to mechanical turbulence, which also re- 
duces the inversion intensity. 

Figure 2.20 shows an interesting example of 
the effects of wind speed and cloudiness on the 
temperature difference between 11 m and110 m. 
It can be seen that inversion formation at this 
site in central Long Island was completely sup- 
pressed by winds in the 6.0 to 9.0 m/sec range. 

2-5.2 Seasonal Variations in the 
Vertical Temperature Structure 

Actual profiles of temperature are affected 
by local conditions and will vary greatly, but, 
in general, the seasonal differences in solar 

FST 

EST 

TEMPERATURE (OF) TEMPERATURE ( O F )  

Fig. 2.19 -The average diurnal variation of the vertical temperature structure at 
the Oak Ridge National Laboratory during the period September-October, 1950. The 
data were obtained from captive-balloon temperature soundings. The dashed line in 
each panel represents the adiabatic lapse rate. (Holland, 1953). 
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Fig. 2.20 -Diurnal variation of the temperature difference be- 
tween ll m and 110 m as  a function of cloud cover and wind speed 
a t  11 m. These data were obtained at the Brookhaven National 
Laboratory over a 2-year period. (Singer and Raynor, 1957) 

radiation will favor longer inversion periods riod of inversion conditions will occur for sev- 
k i n g  cold months. At a continental station eral  days. At the same station throughout the 
with pronounced seasonal effects, a mazimum summer months, superadiabatic conditions will 
of only ’ a few consecutive hours of definitely be the rule during daylight hours. 
superadiabatic conditions will occur during Figure 2.21 shows the vertical temperature 
midwinter, whereas sometimes an unbrokenpe- difference between 1.5 and 120 m in south- 
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Fig. 2.21 -Seasonal variations in the vertical temperature dif- 
ference ( O F )  between 1.5 and 120 m for each hour of the day. 
These data were collected over a 2-year period at the National 
Reactor Testing Station at  Idaho Falls, Idaho. (DeMarrais and 
Islitzer, 1960) 

eastern Idaho over a desert location. It can be 
seen that the average maximum intensity of 
inversions occurs during the summer. The 
individual maximums usually occur during the 
winter, but these larger values are obscured in 
the m e a n  by the  greater number  of invers ions  
of lower intensity associated with the increased 
frequency of high winds and clouds at this and 
most locations in winter. Inversions of greatest 
persistence, however, occur during the winter. 
The most unstable conditions usually occur dur- 
ing the summer, the late spring and early f a l l  
values being somewhat lower. 

A comparison of the frequencies of low-level 
inversions, as estimated from winter and sum- 
mer radiosonde data, is shown in Fig. 2.22. 
Although the seasonal patterns are basically 
similar, the increased frequency during the 
winter at most locations is evident. 

Caution should be used in direct compari- 
sons of vertical temperature-difference data 
from different sources. Since the temperature 
changes most rapidly close to the ground, small 

differences in the heights of the observations 
can cause surprisingly large variations in tem- 
perature difference o r  gradient statistics. 

2-5.3 Atmospheric Stability 
and Pollution 

The diffusion meteorologist’s interest in the 
vertical temperature structure of the atmo- 
sphere stems from the fact that the turbulent 
structure of the atmosphere is intimately re-  
lated to the temperature structure. Since it is 
much more difficult to measure atmospheric 
turbulence than to measure the accompanying 
vertical temperature gradients, the latter has 
frequently been used as an index to the former. 

On clear days with light winds, superadiabatic 
lapse rates are usually found in the lowest few 
hundred meters of the atmosphere. A high level 
of turbulence exists within the unstable layer, 
and these motions guarantee rapid lateral and 
vertical mixing between an emitted pollutant 
and the clean air. Above a few hundred meters, 
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SUMMER u 
Fig. 2.22-Percentage frequency (percent of total hours) of the 
occurrence of inversions or isothermal conditions based below 
500 f t  during the winter and summer. (Hosler, 1961) 

the lapse rate is usually less unstable, and the 
chaotic low-level turbulence shows some or- 
ganization into discrete columns of rising and 
falling air, The ascending columns may be 
topped by convective clouds (cumuli) if the 

moisture supply is sufficient and if the rising 
air cools until the condensation temperature is 
reached. The height of the tops of the cumulus 
clouds can be used as an estimate of the height 
of the top of the mixed layer. 
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Even in the absence of cumulus clouds, a 
sharp demarcation is not uncommon between 
the mixed, turbid air below and the clean air 
above. This boundary is usually associated with 
an upper-level inversion, such as a subsidence 
inversion, and marks the limit of ground-based 
mixing. The mixed layer is usually 300 to 3000 m 
deep although, under conditions of large-scale 
dynamically induced instability, it may extend 
many thousands of meters higher. A pollutant 
released near the ground, e.g., from a stack, 
will under unstable conditions spread rapidly 
in both the lateral and vertical directions. The 
vertical spread will eventually cease when the 
top of the mixing layer is encountered. Fig- 
ure 2.23 shows the mean maximum mixing- 
depth patterns for January and July. When there 
are multiple sources of pollution belowthe mix- 
ing lid, as in an urban area, the layer between 
the ground and the base of the lid may become 
quite polluted. When this lid is low andis main- 
tained for a few days and the horizontal air 
motion is small, a potential for air pollution is 
established. This potential will manifest itself 
if the pollutant sources are available. 

When considering pollutant materials re- 
leased near the earth’s surface, one should 
remember that the night hours are marked by 
restrictions to turbulent diffusive spreading. 
The development of the surface-based inversion 
inhibits both lateral and vertical turbulence. 
Thus material released from a stack into the 
nocturnal radiation inversion will rise until its 
initial buoyancy and vertical momentum are 
dissipated. It will then drift downstream, fre- 
quently as a thin undisturbed ribbon. It is pos- 
sible to follow such ribbons released from 
stacks for many tens of kilometers downstream. 
As the sun rises, turbulence levels will also 
rise, and the thin concentrated plumes will 
usually be dissipated within 2 hr  after sunrise 
on a clear morning. If a fog layer should de- 
velop within a nocturnal inversion, a not un- 
common situation, the morning breakup of the 
inversion may be considerably retarded since 
the top of the layer will reflect much of the 
sunlight incident upon it. In extreme cases an 
inversion accompanied by fog may last for the 
entire daylight period. 

During periods of strong winds, the atmo- 
sphere is well mixed by mechanical turbulence, 
and lapse rates nearly equal to the dry adia- 
batic rate are observed throughout the mixed 

layer. Since the dry adiabatic lapse rate is 
generally greater than that of most of the atmo- 
sphere, a turbulence inversion will form at the 
upper limit of the mixed layer. Under strong 
inversion‘ conditions gentle mechanically in- 
duced mixing will tend to stir the air and cause 
the nocturnal inversion to be deeper and less 
intense. 

2-6 THE LOCAL WIND STRUCTURE 

2-6.1 The Mean Vertical Structure 
of the Horizontal Wind 

In the first thousand or  so meters above the 
earth’s surface, the wind speed and direction 
are determined primarily by three forces: the 
force due to the horizontal pressure gradient, 
the Coriolis force due to the earth’s rotation, 
and the frictional force due to the nearness of 
the earth’s surface. 

The pressure-gradient force is induced by 
the horizontal pressure differences between any 
two points, greater pressure differences being 
associated with stronger winds. The close spac- 
ing of the isobars over the Great Lakes in 
Fig. 2.7, compared with the wide spacing over 
the Dakotas, indicates stronger winds in the 
former than in the latter location. The pressure 
gradient &!he would cause the air to flow from 
regions of high to regions of low pressure. 
However, since the earth is turning beneath 
this flow, an observer on the earth’s surface in 
the Northern Hemisphere would notice an ap- 
parent turning of the flow to the right. The 
force postulated to explain this turning is the 
Coriolis force. The net result of the pressure 
gradient and Coriolis forces in equilibrium is a 
flow that is parallel to the isobars with low 
pressure to the left of the direction of motion 
in the Northern Hemisphere. The wind resulting 
from this balance is called the geostrophic wind. 

In the upper layers of the atmosphere, ob- 
served winds are often quite close to geo- 
strophic winds, indicating that only the pres- 
sure  gradient and Coriolis forces are  operative 
in determining the flow. Near the surface, 
however, a third force due to the frictionaldrag 
exerted on the atmosphere by the surface enters 
the picture. This force is analogous to  that 
arising in a viscous fluid flowing smoothly over 
a fixed plane surface. Such a fluid has a speed 
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Fig. 2.23-The mean maximum mixing depth (m) for January and 
July. These data were computed from atmospheric temperature 
soundings obtained at 45 points in the United States. (Holzworth, 
1964) 
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of zero just at the plane surface but an in- 
creasingly higher speed at increasingly greater 
distances from the plane. If the unretardedfluid 
some distance from the plane is moving in re-  
sponse to a given balance of forces, then the 
flow near the surface can be explained by the 
introduction of an additional force due, in this 
case, to molecular viscosity. This force be- 
comes progressively larger as the fixed sur- 
face is approached. In the atmosphere the role 
played by molecular viscosity near the surface 
of the earth is small in comparison with what 
is called the eddy viscosity. This is anapparent 
viscosity due to turbulent whirls that bring 
rapihy flowing air from aloft and transport the 
slowly moving air near the surface to greater 
heights. The term “eddy” is purely descriptive 
and refers in a general way to any of the infinite 
variety of turbulent motions that transfer mo- 
mentum or other properties from regions rich 
in that property to regions deficient in it. The 
nature of these fluctuations and the methods by 
which they are measured are  discussed in sub- 
sequent sections. 

The eddy viscosity, then, gives rise to a 
frictional force which decreases with height and 
must be added to the balance of the pressure 
gradient and Coriolis forces. This frictional 
force not only reduces the wind speed near 
the surface but also changes the vector balance 
of forces so that the air near the surface 
moves at some angle to the geostrophic wind. In 
Fig. 2.7 the small arrows representing the wind 
direction spiral inward toward low pressure 
and outward from high pressure rather than 
being aligned parallel to the isobars. This is 
due to the frictional forces. 

In general, the air flow at the earth’s surface 
is directed to the left of the geostrophic flow at 
an angle that varies from about 15” by day over 
a smooth surface to about 50” at night over 
rough terrain. Above the surface the observed 
wind usually turns slowly in a clockwise manner 
so that the angle between the wind and the geo- 
strophic wind (or between the wind and the iso- 
bars) gradually decreases with height until, at 
roughly 1000 m above the ground, the observed 
wind is parallel and equal in magnitude to the 
geostrophic wind. The portion of the atmo- 
sphere below this level is the layer in which 
surface frictional effects have a substantial ef- 
fect upon the wind (the planetary boundary 
layer). 

Above the top of the planetary boundary layer, 
the characteristics of the wind, such as average 
speed, direction, vertical structure, and turbu- 
lence, are divorced from surface influences and 
are reflections of upper-level pressure forces. 

Since eddy viscosity, unlike molecular vis- 
cosity, is not a permanent characteristic of the 
fluid but depends upon the amount of turbulent 
mixing present, it can be associated not only 
with mechanical features, such as the roughness 
of the surface, but also with other factors. A 
major factor to be considered is the presence 
of buoyancy forces associated with the occur- 
rence of heating or cooling at the surface. By 
day, when the earth’s surface is heated by the 
sun, turbulent mixing is enhanced, and the in- 
fluence of the surface may be detected to a 
comparatively great height. At night, however, 
the stable stratification of the air limits mixing 
and produces a situation in which the surface 
effects are limited to the very lowest layers. 
Thus some level in the atmosphere will be sub- 
jected to frictional retardation by day but not at 
night. Above such a level the average wind 
speed may be expected to be higher at night 
than during the day. Below this level, in the 
region affected by the nocturnal temperature 
inversion, highest wind speeds occur during the 
day when the faster moving air aloft is mixed 
domward toward the surface. A typical diurnal 
pattern is s h o w  in Fig. 2.24. These data from 
the Oak Ridge National Laboratory in Ten- 
nessee are  based on anemometer measurements 
in the lower levels and balloon trajectories at 
the higher levels. Another example of this type 
of data, taken entirely from anemometers on a 
tower, is shown in Fig, 2.25. 

Since both wind speed and direction vary with 
height near the surface, a vector diagram is 
frequently used to illustrate this combined 
change. Figure 2.26 shows average vectors 
constructed from data obtained during a num- 
ber of summer nights and days at a location in 
central Nebraska. During the day the lowest 
level wind (16 m) is much closer in both direc- 
tion and iwgnitude to the upper-level wind 
(1000 m), which may be assumed to be geo- 
strophic, than it is at night. This is due to the 
greater degree of vertical mixing associated 
with daytime unstable conditions, which tends to 
establish greater homogeneity in the vertical. 

The nighttime situation shows a wind-speed 
maximum somewhere in the middle of the plan- 
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Fig. 2.24 -Average wind-speed profiles constructed 
from measurements made during a 1-year period at  
the Oak Ridge National Laboratory. (Holland, 1953) 

etary boundary layer. This phenomenon, known 
as a low-level jet, has been the object of much 
study in recent years. It is thought to be due 
largely to the " decoupling " of the upper layers 
of the planetary boundary layer from the sur- 
face and the setting up of an inertial oscilla- 
tion. A full and widely accepted explanation of 
the low-level jet has yet to be advanced. 

Even in the absence of turbulent mixing, the 
wind speed and direction may change with 
height owing to the change with height of the 
large-scale pressure distribution. This varia- 
tion, coupled with the smaller scale frictional 
effects, results in a vertically varying wind 
structure that cannot be simply specified. 

2-6.2 Atmospheric Turbulence 
The interaction of all weather systems on all 

scales results, at a given point of observation, 
in a three-dimensional wind direction and speed 
that vary continuously in time. This continuous 
fluctuation, or  turbulence, is the characteristic 
of the atmosphere that causes the diffusion of 
pollutants introduced into it. 

The fluctuating wind, observed at a point, can 
usually be divided into a mean motion and su- 
perimposed fluctuating motions with compo- 
nents along the direction of the mean wind and 
in the vertical and lateral perpendicular direc- 
tions. The distinction between the mean and 
turbulent motion may be determined on the 
basis of the dimensions of the diffusing system, 
e.g., a puff of smoke. Wind fluctuations larger 
than the puff tend to move it in its entirety and 
thus contribute to the mean motion. Fluctua- 
tions c o  Aderably smaller than the dimensions 
of the puff tear it apart and thus can be re- 
garded as turbulent. On the scales involved in 
most practical diffusion problems, the discrete 
weather systems mentioned earlier usually 
contribute to the mean motion and the chaotic 
systems make their greatest contribution to the 
turbulent motions. 

Turbulence is dependent upon three factors: 
the mechanical effects of objects protruding 
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Fig. 2.25-The deviation of the mean hourly wind speeds from their respective daily averages at 37 ft 
and 410 ft. The data were collected at the Brookhaven National Laboratory. (Singer and Raynor, 1957) 
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into the air stream, such as the roughness of 
the earth’s surface, the vertical rate of in- 
crease of wind speed, and the vertical tem- 
perature structure of the atmosphere. 

When the ground is smooth over a large area, 
the air flow will tend to be similarly smooth. 

N 

N 

Fig, 2.26-Average vectors constructed from night 
and day wind observations obtained during the Great 
Plains Turbulence Field Program in central Ne-  
braska. (Lettau and Davidson, 1957) 

When the ground is rough, the air passing over 
it will rise and f a l l  in response to the surface 
undulations. Thus vertical turbulence is gener - 
ated. Since the air will also flow around some 
of the objects, horizontal turbulence is also 
generated. This mechanically generated turbu- 
lence is greater with higher wind speeds and, 
being generated at the surface, characteristi- 
cally exhibits a decrease with height. If the 
mean wind vector in the atmosphere were con- 
stant with height, the turbulence would consist 
entirely of small displacements of this mean 
flow by the surface configurations. However, no 
matter what the wind vector may be at some 
upper level, it must be zero at the immediate 
surface of the earth. The wind vector charac- 
teristically increases in magnitude with height 
as well as usually changing direction. Thus, if  
a particle of air is displaced from one level to 
another, it will arrive at the new level with 
some of its initial momentum and will consti- 
tute a perturbation in its new surroundings. 
Any vertical fluctuations existing in a fluid with 
vertical shear will result in a chaotic field of 
vertical and horizontal turbulence. The exis- 
tence of a vertical shear itself will initiate or  
enhance turbulence when the shear is great. 

Properties other than momentum may also be 
transferred by turbulence. If the air next to the 
ground is heated until it is warmer than the air 
above, a heat-energy gradient will exist above 
the ground. A particle moving upward will 
carry more heat energy than a particle from an 
upper level moving downward. Thus there will 
be a net upward flux of heat due toturbulent 
motion. This mechanism is described by the 
principle that states: air properties are trans- 
ferred by turbulence in the direction of de- 
creasing values of these properties, Le., down 
the gradient. Obviously the greater the turbu- 
lence o r  gradient, the greater the rate at which 
this transfer, o r  mixing, can take place. If a 
mass of smoke is injected into the atmosphere, 
there will be both vertical and horizontal com- 
ponents of the gradient between the smoke and 
the unpolluted air, and, in the presence of tur- 
bulence, smoke transport down the gradient will 
result in the dilution and spreading of the 
smoke mass. 

It is not always clear where the line should 
be drawn between transport by mean motion and 
transport by turbulence. The scale of averaging 
and the nature of the phenomenon being studied 
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must enter into the decision. On a sufficiently 
large scale, the mean wind may turn out to have 
its own turbulent fluctuations; then the puff, in- 
stead of simply being transported downwind, 
will be transported along an irregular, mean- 
dering path. Although both mean transport and 
turbulence are of importance in horizontal 
transfer, turbulence is largely responsible for 
vertical transfer. 

The mean structure of the wind, in spite of 
the many complicated features that have been 
noted or suggested, is simpler than the actual 
structure of the observed wind. The actual wind 
consists not only of the mean part but also of 
seemingly random variations about the mean. 
The study of these turbulent variations has 
usually proceeded via the application of statisti- 
cal techniques rather than the dynamical meth- 
ods that have characterized much of the prog- 
ress  in other fields of atmospheric physics. 

The statistical study of turbulence frequently 
requires data that are in the form of a digital 
or analog time series, and many of the tech- 
niques that relate diffusion to wind fluctuations 
involve the processing of such time series. Sec- 
tion 2-6.2.1 presents definitions of some terms 
used in the discussion of time series and the 
less frequently encountered space series. 

2-6.2.1 The Random Process. The concept of a 
random process has been applied with consid- 
erable success to problems in turbulence and 
diffusion in spite of the fact that meteorological 
occurrences are not strictly random (the wind 
speed at a given instant is correlated with the 
speed at the previous instant). The time trace 
shown in (a) of Fig. 2.27 could represent the 
horizontal or vertical wind direction measured 

. by a wind vane during a particular regime of 
meteorological conditions. The specific features 
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Fig. 2.27 -An instantaneous wind-direction trace (a) and the time- 
averaged trace derived therefrom (b). The time interval t repre- 
sents the averaging time, and T represents the total length of 
record, or the sampling time. 
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of a second trace taken under the same condi- 
tions would be different, but there might wellbe 
a decided resemblance in some of the statisti- 
cal characteristics, such as mean value, total 
range, and variance o r  variance distribution as 
a function of wavelength. The ensemble statis- 
tics resulting from numerous repetitions of this 
experiment could be offered as a physical 
representation of turbulent wind structure. Since 
the statistical characteristics derived from any 
one of these traces would bear a distinct family 
resemblance, it is frequently only necessary to 
study one o r  a few of these individual traces to 
derive some of the characteristics-of the entire 
ensemble. 

A type of random process that has found fre- 
quent application in turbulence and diffusion 
studies can be described as being stationary, ho- 
mogeneous, isotropic, and Gaussian. The prop- 
erty of stationarity implies that the statistical 
properties derived for a time series do not 
vary with time. Thus a variance computed from 
1 h r  of data would be similar to that computed 
from the next hour of data if the turbulence 
were stationary. Major changes in themeteoro- 
logical regime such as occur during the diurnal 
cycle o r  with the passage of a front would miti- 
gate against stationarity. The concept is, how- 
ever, generally fulfilled during periods of sev- 
eral  hours duration when the large -scale pattern 
is not changing. 

If the random process is homogeneous, its 
statistical properties will not vary in space; 
that is, a measurement taken at  a particular 
point will display statistical characteristics 
identical to those taken at some neighboring 
point in space. Horizontal homogeneity is usu- 
ally assumed in regions of not dissimilar to- 
pography, such as flat plains o r  rollingcountry- 
side. Owing to the vertical forces of gravity and 
buoyancy and to the presence of the physical 
boundary of the earth’s surface, vertical homo- 
geneity is a rarity in the real atmosphere. 

Isotropy can be defined by the condition that 
the statistical properties of the field being 
studied are independent of the rotation of the 
coordinate axes. Thus the variances of the 
various normal velocity components are equal 
in an isotropic field. Although this condition 
may be met in a limited way in the atmo- 
sphere, such is not generally the case. 

A Gaussian random process is one in which 
the frequency distribution of values of the 

variable of interest follows the familiar Gauss - 
ian, o r  normal, curve. The distribution is 
completely specified by the mean and standard 
deviation. Many atmospheric variables have 
been found to be distributed in a Gaussian man- 
ner. Thus a histogram of 1-sec mean wind di- 
rections accumulated over 10 min can usually 
be fitted quite accurately by a Gaussian curve 
with the mean and standard deviation of the 
histogram. 

2-6.2.2 Measurement of Wind Fluctuation. Atmo- 
spheric turbulence in the context usually en- 
countered in diffusion literature consists of 
seemingly random fluctuations of the three- 
dimensional wind vector which act in a highly 
organized manner to dilute an effluent o r  tracer 
injected into the atmosphere. Before these fluc- 
tuations can be discussed, some base value 
must be defined; the deviations from this value 
then can be considered as turbulence. The base 
value is usually the time-averaged value of the 
particular wind statistic and is given by 

w = g T  Wdr 

where W represents any characteristic of the 
wind, i.e., speed, direction, o r  value of any one 
of the components, and T is the sampling time. 

If, in an orthogonal coordinate system, u is 
the component of the wind along the x-axis 
(usually assumed to coincide with the mean 
vector wind direction), v is the component in 
the y-direction, and w is the component along 
the z-axis (assumed to be vertical), then the 
acNal wind components a t  any instant can be 
thought of a s  being composed of mean values 
and deviations from the mean: 

u = U + u ’  

w = W + w ’  
v = V + v ’  (2.2) 

The fluctuation quantities u’, v’, and w can be 
represented as time series that pass through 
positive and negative values. These ser ies  can 
be subjected to variance, spectral, and autocor- 
relation analyses. 

At this point we will confine our attention to 
some of the problems inherent in the measure- 
ment and calculation of the variance, o r  stan- 
dard deviation, of the wind fluctuations. To 
facilitate the discussion, we will introduce sev- 
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era1 concepts that will appear frequently on 
following pages: the intensity of turbulence and 
the standard deviation of the horizontal (azi- 
muth) and vertical angles of the wind vector. 

The intensity of turbulence along each axis is 
defined by 

(2.3) 

(2.4) 

where u is the standard deviation of the velocity 
distribution. These statistics of turbulence bear 
a direct relation to the diffusing power of the 
atmosphere. 

Another statistic of wind fluctuation that has 
found wide use in diffusion-estimation tech- 
niques is the variance, or standard deviation, 
of the azimuthal wind-direction angle (4 o r  a,) 
where e is the angular direction of the horizon- 
tal wind. This can be measured directly from 
the output of a wind vane. It is related to the 
intensity of turbulence in the crosswind direc- 
tion (iy) since, as shown in Fig. 2.28, 

V' 
tan e t  = e'(radians) =F--- u + u t  

which, expanding and neglecting the higher 
order terms, gives 

Vertical wind-direction fluctuation data may 
be treated similarly. Such data are  obtained as 
an output of a vane that is free to pivot in the 
vertical plane as well as in the horizontal (bi- 
vane wind sensor). The standard deviation of 
the vertical-direction trace is usually denoted 

It is important to recognize that the numeri- 
cal values of i, i,,, i,, u and u p  are  not con- 
stants for a particular set of meteorological 
conditions. Their values depend on sampling 
and averaging times that are inherent charac- 
teristics of a sample of data (See Sec. 2-6.2.3). 

by up. 

Y 

u = l i + u '  X 

Fig. 2.28 -Deviation of the instantaneous wind from 
the mean wind. 

2-6.2.3 Sampling and Averaging Times. The wind- 
direction trace shown in (a) of Fig. 2.27 could 
represent the wind direction measured by a 
wind vane at a particular point, in which case 
it would be called a Eulerian time series. It 
could, however, represent the path of a particle 
following the wind, in which case it would rep- 
resent a Lagrangian series. 

Considering the curve a s  a Eulerian time 
series produced by a wind vane, we can define 
the sampling and averaging times as. follows: 
the sampling time, T, is that interval during 
which the data are measured and is represented 
in (a) of Fig. 2.27 by the total period of the 
record; the averaging time, t, is some time 
interval over which the continuously varying 
trace may be represented by a constant (aver- 
age) value. If the illustration represents the 
trace taken directly from a wind-direction re-  
corder, the averaging time will be that result- 
ing from the inertia of the wind vane and re- 
corder system and their resulting inability to 
respond faithfully to the very highest frequency 
fluctuations impressed upon them. This averag- 
ing time is usually in the range of a few seconds 
or less for the high-response instruments used 
in diffusion work. It will be shown in later chap- 
t e r s  that it is frequently necessary to smooth 
the instrumental time trace. This can be done 
by constructing a digital series from the analog 
series. The digital series might be composed 
of the average values of the trace over succes- 
sive overlapping equal intervals of time, t, 
where t is the averaging time. Connecting these 
average values produces the time-averaged, or  
time-smoothed, trace shown in (b) of Fig. 2.27. 
The application of the averaging time has the 
effect of removing those fluctuations of periods 
shorter than t. 
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The standard deviation of wind-direction fluc- 
tuations, whether horizontal o r  vertical, nor - 
mally increases with increasing sampling time 
up to some point. Further, the standard devia- 
tion decreases with increasing averaging time. 
The increase of standard deviation with in- 
creasing sampling time follows because more 
of the long-period fluctuations are sensed dur- 
ing the longer sample periods. On the other 
hand, the increase in averaging time damps out 
the contribution of the shorter-period fluctua- 
tions to the total standard deviation. The appli- 
cation of a sampling and averaging process to a 
time ser ies  therefore constitutes a filter, o r  
window, through which only a portion of the 
total energy in the spectrum of wind fluctuations 
can be observed. 

The standard deviation of the wind direction 
may be computed by hand, by computer from 
suitable digital data, o r  by comparatively simple 
electronic equipment that computes the standard 
deviation directly from the signal generated by 
the wind vane. A rather simple, if gross, esti- 
mate of the horizontal standard deviation may 
be obtained from the wind-direction range, o r  
total width of the direction trace over some 
given time interval. Individual range values, 
e.g., the range over a 1-hr interval, give only 
a crude estimate of the standard deviation for 
the same 1-hr interval because one extreme 
oscillation of the vane, lasting perhaps for only 
a second, can cause a great change in the value 
of the range but contribute little to the standard 
deviation. The average of a great many range 
values, however, has been shown to be closely 
related to the average of the standard deviation 
for those intervals (Markee, 1963). In general, 
the range divided by about 6.0 has been found to 
give a good approximation to the horizontal 
standard deviation for the same data sample 
period when an averaging time of the order of 
1 to 10 sec is used. Range statistics are par- 
ticularly helpful for climatological estimates 
from large quantities of data taken from ordi- 
nary recording wind systems. 

Atmospheric diffusion is related not only to 
the value of the standard deviation, orvariance, 
of wind direction but also to  the frequency o r  
range of frequencies in the spectrum that 
makes the greatest contribution to the total 
standard deviation. Although two records of the 
fluctuation of a wind component may have the 
same standard deviation, this could be caused 

in one case by a few oscillations of long period 
and in the other by more numerous oscillations 
of shorter period. Since long-period oscilla- 
tions tend to transport a small mass of atmo- 
spheric pollutant in its entirety whereas short- 
period fluctuations tend to tear it apart, the 
distribution of the energy within the different 
fluctuation periods is of great interest. This 
distribution has been studied by spectrum anal- 
ysis methods. 

Meteorological spectra are usually computed 
from time- rather than space-series data. A 
typical meteorblogical spectrum will present 
an estimate of the variance of a meteorological 
element per frequency interval as a function of 
frequency. Although spectra can be determined 
for any meteorological variable that can be 
presented quantitatively by a continuous or  
discrete-value time series,  the spectra of the 
various wind statistics are of primary concern 
in turbulence and diffusion research. The spec- 
t r a  of the orthogonal wind components have 
received considerable attention in turbulence 
literature, and diffusion studies have frequently 
concentrated on the spectra of lateral and ver- 
tical wind directions. A typical wind-direction 
spectrum has the units of direction variance 
in degrees' or  radians'. When the spectral esti- 
mates [S(n)] a r e  multipled by frequency (n) 
and plotted a s  a function of the logarithm of 
frequency, the area under the curve in each 
frequency range will give the contribution of 
that frequency range to the total variance. 
Most published sDectra a re  in this form. 

rigure 2.29 presents typical spectra ofverti- 
cal and lateral wind directions in which the 
individual spectra for the ser ies  of experiments 
have been grouped by categories of thermal sta- 
bility (Walker, 1963). The vertical-direction 
spectra, (a) of Fig. 2.29, show quite clearly the 
typical features of vertical wind fluctuations. 
The stable curves show small variance, the 
small peaks that do exist being at rather high 
frequencies. Under stable conditions at the ob- 
servation height of 15 m, the turbulence is 
mechanically generated at the surface by the 
air passing over the surface irregularities. 
During instability the warm ground introduces 
a thermal component into the turbulence. This 
thermal contribution results in the shifting of 
the peak to lower frequencies. Because of the 
proximity of the surface to the observation 
level, individual vertical turbulence elements 
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Fig. 2.29-Spectra of the vertical (a) and horizontal 
(b) wind-direction fluctuations (dV and 4) at 15 m 
grouped by atmospheric stability. (Walker, 1963) 

are limited in extent, and a rapid decrease in 
the variance at the lower frequencies results. 
Data taken at higher elevations would show a 
pattern similar to that in (a) of Fig. 2.29 except 
that the unstable curves would be of greater 
magnitude and at lower frequencies whereas 
the stable spectra would be flatter. 

Lateral-direction spectra are presented in 
(b) of Fig. 2.29. Both the stable andthe unstable 
curves show two peaks, one at a comparatively 
high frequency and one at lower frequencies. 
The high-frequency peaks are due to fluctua- 
tions in the lateral wind direction initiated by 
surface roughness. The magnitude of these 
peaks increases with increasing wind speed and 

decreases with height above the surface. The 
low-frequency peak during unstable conditions 
reflects the wind fluctuations due to thermally 
induced eddies. The magnitude of this latter 
peak increases with increasing incoming radiant 
energy and decreases with increasing wind 
speed. The existence of a low-frequency peak 
during night (stable) conditions although estab- 
lished by observational evidence cannot be ex- 
plained simply. The long-period oscillations 
contributing to this peak are probably due to 
slow-moving systems, which are imbedded in 
the stable air and have horizontal dimensions 
ranging from hundreds to a few thousands of 
meters. For longer sampling times the low- 
frequency peak would probably be displaced 
toward even lower frequencies. These systems 
are of considerable importance in predicting 
dispersion at night since they may lead to a 
much greater degree of horizontal effluent 
spreading than might normally be expected dur- 
ing inversion conditions. 

2-6.3 Fluctuation of the Wind 

The continuous fluctuation of the atmosphere 
on time scales of hours o r  less can be visual- 
ized from the time traces of wind speed and 
direction shown in Figs. 2.30 and 2.31. These 
rather typical traces were obtained from wind 
instruments mounted on masts o r  towers at the 
heights indicated in the figures. Part (a) of 
Fig. 2.30 shows a typical change from night to 
day wind conditions under clear skies at arural 
location near Washington, D. C. From 4:OO a.m. 
to about 5:30 a.m., a light windspeedassociated 
with inversion conditions resulted in a wind- 
direction trace averaging 10" to  15" in width. 
At the time of sunrise (5:30 a.m.), the wind 
dropped to almost the instrumental threshold, 
but even this was sufficient to cause the vane to 
meander for the next half hour. A thin ground 
fog prevented the destruction of the inversion 
until about 7:OO a.m. At this time the wind speed 
began to pick up slowly, and the direction fluc- 
tuations increased to fairly typical daytime 
values, which peisisted for the rest of the 
period. 

Part (b) of Fig. 2.30, taken in mid-July in the 
desert area of central Washington State, shows 
a transition from a light-wind thermally un- 
stable flow to a less unstable high-wind regime. 
The extremely variable nature of the wind is 
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5 

Fig. 2.30 - Typical horizontal wind-speed and -direction traces at various heights. 
Chart speed, 3 in./hr. (a) Night to day change. (b) Light wind, unstable flow followed 
by a cold frontal passage. (c) Upper-level flow during an intense inversion. (d) Low- 
level flow during an intense inversion. 

evidenced by the fact that between the hours of 
1:00 and 200 p.m. the wind blew from every 
direction of the compass under clear skies and 
therefore under strong solar radiation. At about 
2:OO p.m. the passage of a front caused a nar- 

rowing of the direction range and high wind 
speeds. This part of the direction trace shows 
the result of mechanical turbulence caused by 
the high winds blowing over surface obstacles 
superimposed on a thermally unstableregime. 
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Fig. 2.31-Typical horizontal wind-speed and -direction traces. (a) Differences in 
characteristics for simultaneous recordings at  16 and 120 m (chart speed, 3 in./hr), 
(b) Example of a very steady 4 n d  trace (chart speed, 3 in./hr). (c) High-speed trace 
(chart speed, 3 in./min). 

Part (c) of Fig. 2.30, taken at the same h a -  15 mph was accompanied by a direction almost 
tion in Washington State but at 120 m above the devoid of oscillation. As the wind speed began 
surface, shows the wind pattern existing during to drop, shortly after 1O:OO p.m., the direction 
an intense inversion in mid-March. During the fluctuations increased. When the wind speed 
early part of the period, a wind speed averaging reached a few miles per hour, the direction 
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meander typical of very light speeds became 
evident. The squared appearance of the oscilla- 
tions is probably due to pen friction on the 
paper chart combined with a vane movement 
that started and stopped as the wind speed rose 
above and fell below the starting speed of the 
vane. 

Part (d) of Fig. 2.30, again observed at a 
rural  location near Washington, D. C., at 10 m 
above the surface, is an example of the extreme 
direction meander frequently associated with 
wind speeds on the threshold of detectability. 
These low speeds are most frequently experi- 
enced close to the surface, and therefore this 
type pf direction trace is usually, although not 
necessarily, confined to about the lowest 30 m. 
The wind-speed trace is not given since the 
speed was below the starting speed of the ane- 
mometer during most of the period. The abrupt 
direction changes occurring exactly at midnight 
and again at about 12:32 a.m. were due to move- 
ment of the wind vane through east, the bound- 
aries of this particular chart. 

Part (a) of Fig. 2.31 has been included to 
show the difference in wind-speed and direction 
fluctuations at 16 m and 120 m. The meander 
at 16 m in the first part of the trace is con- 
siderably reduced at 120 m. The amplitude of 
the higher frequency fluctuations at the '120-m 
level is reduced by about one-third over the 
104-m vertical interval. 

Part (b) of Fig. 2.31 shows a case of quite 
steady wind direction and speed in mid-April 
near Washington, D. C., under cloudy condi- 
tions. The wind direction changes very evenly 
and slowly, and the direction fluctuations de- 
crease slowly during the late afternoon and early 
evening. 

Finally, (c) of Fig. 2.31 is ahigh-chart-speed 
section of a direction record taken at 10 m. 

During this run the chart was moving 60 times 
faster past the pens than the charts were in the 
other illustrations. Records such as these are  
of use in studying the very-fine-scale atmo- 
spheric oscillations. At this end of the atmo- 
spheric fluctuation spectrum, the instrumental 
response determines the highest frequency fluc- 
tuations that can be seen. Fluctuations of sig- 
nificantly shorter period than those shown in 
the diagram occur and have been measured by 
specially designed high-response instrumenta- 
tion. 

Figure 2.32 shows the vertical wind-direction 
trace taken from a typical bivane wind sensor 
a t  10 m above the ground. It is immediately 
seen that the mean direction taken over any 
length of time longer than a few minutes is 0" 
(horizontal). During the predawn hours the trace 
shows typical mechanical turbulence associated 
with moderate wind speeds and inversion condi- 
tions. At 5:30 a.m., the wind speed dropped, and 
the vertical-direction fluctuations decreased in 
magnitude. Sunrise (6:40 a.m.) was accompanied 
by slowly increasing direction fluctuations, 
which reached a rather steady value by 8:30 
a.m. and persisted for the rest of the period. 
The magnitude of the fluctuations was greatest 
during the midafternoon period (not included in 
this illustration). 

Figure 2.33 is an example of a horizontal 
wind-direction range climatology taken from 
recorder charts similar to those in the last 
section over a broad plain in southeast Idaho. 
The raw data used to construct this chart were 
the absolute range measurements taken for a 
period of 15 min once each hour. The greatest 
values of the range are associated with the 
most intense instability during summer days; 
the minimum values of the range occur during 
the winter nights. The isopleths of range in 

Fig. 2.32-Example of a vertical wind-direction trace (chart speed, 3 in./hr). The bivane 
sensor was mounted 10 m above the surface. 
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Fig. 2.33-Wind-direction range climatology compiled from data observed at  75 m above the Na- 
tional Reactor Testing Station in Idaho. The total range was measured over a sampling time of 
15 min. 

Fig. 2.33 may be compared with those for ver- 
tical temperature structure in Fig. 2.21 to re- 
late wind fluctuation to stability. 

Figures 2.34 and 2.35 present a general 
picture of the vertical variation of the standard 
deviation of the horizontal and of the vertical 
wind directions, respectively, with height and 
stability. The data used to construct these dia- 
grams were drawn from a variety of experi- 
mental determinations. The original data were 
either in the form of velocity-component vari- 
ance, direction standard deviation (variance), 
o r  direction range. The velocity-component 
variance and direction range were converted 
into direction standard deviation to pexmit data 
comparison. 

The approximate thermal-stability categories 
used to stratify the data represent different 
temperature gradients at different heights, as 
may be inferred from the profiles of temperature 
in Fig. 2.19. Thus the term “very stable” may 
represent a temperature increase with height 
of 8°C in the first 30 m above the surface but 
only a degree o r  less in a 30-m layer well 
above the surface. The values presented in 
these two figures are only approximate. The 
factors that were not controlled by the various 
experimenters contribute to a large spread of 
possible values for a particular stability cate- 
gory, height, etc. 

Figure 2.34 shows the variationof the lateral- 
wind-direction standard deviation for a sampling 
time of about 10 min as measured up to about 
400 f t  and extrapolated to 600 ft .  For agiven 
stability condition, values of ue for sampling 
times greater than a minute o r  so will always 
be greater when the wind is light than when it is 
strong. This is most noticeable in the lowest 
layers. The line in Fig. 2.34 representing very 

0 5 IO 15 20 25 30 

STANDARD DEVIATION OF LATERAL WIND DIRECTION 

ug(drg)  

Fig. 2.34-The vertical variation of the lateralwind- 
direction standard deviation (od for various stability 
regimes. The curves represent average or typical 
conditions with the exception of the two outer “very 
stable” lines, which represent extremes. Sampling 
times of the data used in the construction of this dia- 
gram averaged about 10 min, and averaging times 
were on the order of a few seconds. 
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Fig. 2.35-The vertical variation of the vertical 
wind-direction standard deviation (0,) for various 
stability regimes. The relations shown represent 
sampling times of at least 3 min at the lowest levels 
and up to 30 rnin at the greater heights. 

stable conditions (which by their nature are as- 
sociated with light winds) branches into three 
separate lines near the ground. The curve at 
the left represents the smallest values of % usu- 
ally observed. The curve that branches off to 
the right reflects the contribution of very-low- 
level wind-direction meander to the total 10 
min standard deviation. These meandering os- 
cillations decrease in amplitude very rapidly 
with height under stable conditions. The central 
curve represents typical inversion conditions. 

The large surface values of ue for unstable 
conditions do not decrease very rapidly with 
height. As  in the case of very stable conditions, 
the greatest lateral fluctuations during ave ry  
unstable thermal structure occur with very 
light winds. As a general rule, for agiven inso- 
lation condition, increasing wind speeds a r e  as- 
sociated with profiles of De that tend toward 
neutral stability. 

If the value of ue for a given sampling time 
To is known, the value of may be crudely 
estimated for a different sampling time by the 
following empirical formula: 

(2.7) 

where the subscripts 0 and 1 refer to the known 
and required values of sampling time, respec- 

tively. The value of p varies with stability, wind 
speed, and height above the surface, but a value 
of p = 1/5 can be used for a working approxi- 
mation. 

Although there are not as yet definitive data 
on the vertical structure of Ue above the heights 
given in Fig. 2.34, it is not likelythat there will 
be any dramatic change in the higher levels 
from-the values given-in the 400- to 600-ft 
layer. 

Turbulence and diffusion studies frequently 
require a knowledge of the standard deviation 
of the crosswind component distribution (u,) as 
well as of u0. Since, from Eq. 2.6, u, =a$ and 
since the wind speed increases with height above 
the surface, the variation of uv with height can- 
not be simply inferred from Fig. 2.34. The fol- 
lowing are  general statements concerning the 
variation of uv with wind speed, stability, and 
height: 

1. At a given height during neutral condi- 
tions, uv is proportional to wind speed. 

2. For a given wind speed and height, u, is 
greater during unstable than during stable con- 
ditions. 

3. For a given stability condition and at a 
given height, u, increases with wind speed and 
surface roughness, most markedly during stable 
conditions. 

4. The value of uv changes rather little with 
height during any stability condition. This may 
be inferred from the nature of the height varia- 
tion of and wind speed. During stable condi- 
tions Ue decreases rather rapidly with height 
whereas the wind speed increases comparatively 
rapidly over the same height interval. During 
unstable conditions the decrease of u e  with 
height is slow, and the increase in wind speed 
is slow. 

It is important to realize that the last state- 
ment is quite general and that amarked vertical 
gradient of uv might exist under some particu- 
lar conditions of wind speed and direction fluc- 
tuation. 

Figure 2.35 presents the vertical profiles of 
the vertical wind-direction standard deviation 
(uq) for averaging times of a few seconds. In 
the case of the vertical fluctuation of the wind 
at  heights below 1000 ft, it is not essential to 
consider sampling time if the period is longer 
than 20 min. Vertical wind fluctuations a re  re-  
stricted because of the proximity of the earth’s 
surface and are  therefore smallest in magni- 
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tude, on either a time o r  length scale, near the 
surface and increase with height. Even at 
1000 ft, however, they are  still influenced by the 
solid boundary of the earth, and vertical oscil- 
lations of periods longer than 20 min are  un- 
usual. Thus the standard deviation of vertical 
wind direction will show very little increase for 
very long sampling times. This is in sharp 
contrast with the standard deviation of horizon- 
tal wind direction, which increases continuously 
with sampling time. 

During nighttime inversions, when the pre- 
dominant vertical turbulence is mechanically 
induced at the surface, sampling times of less 
than 10 min would be more than sufficient to 
obtain standard deviations that would not in- 
crease with increasing sampling length. During 
unstable day conditions 10-min sampling times 
a r e  probably adequate in the lowest few hundred 
feet, but this adequacy may decrease with 
height, and at 1000 f t  a 10-min sampling time 
may result in standard deviations of the vertical 
wind direction which are  too low. 

The effect of wind speed is somewhat dif- 
ferent on the vertical fluctuations than on the 
horizontal. Light winds at the lower levels are 
associated with large values of uo during un- 
stable conditions and small values during stable 
conditions. Strong winds result in mechanical 
mixing, which prevents the development of 
strong stable o r  unstable vertical temperature 
gradients. Therefore during strong-wind pe- 
riods uq values will tend toward those marked 
“neutral” in Fig. 2.35. Mechanical vertical tur- 
bulence decreases with height above the surface 
whereas thermally induced vertical motions 
characteristic ally increase with height . 

During strong surface-based radiational in- 
versions, the vertical shear of the horizontal 
wind may become large enough to overcome the 
effects of thermal stability and cause turbu- 
lence. This phenomenon can be described in 
terms of the Richardson number, which quanti- 
tatively relates the vertical wind-velocity pro- 
file to the vertical temperature profile. Turbu- 
lence caused by strong wind shear at night is 
usually evident as short bursts of heightened 
vertical motion. 

It is sometimes desirable to consider the 
variability of u, as well as of up. As in the 
case of a,, we may write uqU = u, and make the 
following general statements: 

1. Under neutral conditions u, is propor- 
tional to wind speed and displays littlevariation 
with height. 

2. In a stable atmosphere u, generally de- 
creases with height. 

3. During unstable conditions u, increases 
markedly with height through some large, but 
as yet unspecified, fraction of the frictionlayer. 

The along-wind component of turbulenbe, u,,, 
has not received as much experimental.atten- 
tion a s  have the vertical and lateral dompo- 
nents. The along-wind component is of particu- 
lar interest in instantaneous-release processes 
as is explained in subsequent sections. Some 
general characteristics of u,, are: 

1. At a fixed height a, is proportional to wind 
speed. 

2. At a fixed height u,, increases with in- 
creasing +stability but probably not as mark- 
edly as a,. 

3. The value of a, is generally independent of 
height during neutral and unstable conditions, 
but i t  decreases with height during stable con- 
ditions. Thus u,/O may be expected to decrease 
with height at all times. 

2-6.3.1 Long-period Variability of the W i d  It is 
frequently necessary, in environmental studies, 
to make some estimate of the length of time 
that the wind will remain within given direction 
boundaries. A computer program designed to 
operate on conventional weather -station wind 
observations has recently been developed (Gor- 
don, 1963). The program was designed to 
answer me question, “What is the probability 
that the wind, once having turned into a given 
direction sector, will remain in that sector 
for 2, 3, 4, etc., hours?” Since the raw data 
were available for 16 points of the compass 
(16 sectors of 22.5” each), theprogramhasbeen 
designed to furnish the information for one sec- 
tor, three sectors (with the sector of interestat 
the center), o r  five sectors. Figure 2.36 shows 
a typical graph compiled from wind data gath- 
ered at Corpus Christi, Texas, over a period 
covering f:ve summers. This graph may be 
interpreted by recourse to a typical point, such 
as the point on the 10% line enclosed within the 
small circle. This point indicates that 10% of 
the total number of times that the wind turned 
to the east it was observed to remain inthat 
22.5” sector for at least 5 hr. Thus the direc- 
tions for which the 10% and the 50% lines are  
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Fig. 2.36-An example of a wind-direction persis-  
tence diagram based on a 16-point compass. Inter- 
pretation of a typical point on the diagram (in small 
open circle) is as follows: 10% of the times during 
the summer that the wind turned to the east, it was 
observed to remain in that 22.5' sector for at least 
5 hr. The irregular row of dots indicates the maxi- 
mum number of hours that the wind was observed to 
come continuously from the given directions. 

high a re  the directions of greatest wind persis- 
tence. The upper row of points on the diagram 
represents the maximum number of hours for 
which the wind remained in the indicated direc- 
tion. This program using five years of data for 
the four seasons has been run at 64 locations in 
the United States. 

2-6.3.2 Spatial Variability of the Wind Simulta- 
neous measurements of the wind variation in 
the vertical have been made by many investi- 
gators (see the bibliography at the end of this 
chapter). Thus it is possible to estimate the 
wind at some distance above or below a mea- 
surement a t  a given level if the topography, 
time of day, and weather conditions are known. 
The variation of the wind in the horizontal, at 
least on a microscale or mesoscale, has not 
received nearly the same study. However, in 
transport and diffusion work the extent to which 
a single wind observation represents conditions 
at various distances from the measurement 
point is important. The results of one investi- 
gation of the variability of simultaneous wind 
measurements at different locations are  shown 
in Table 2.2. Hourly wind data from four stan- 
dard weather stations in the San Antonio, Texas, 
area were used. The average distance between 
stations was 12 miles. The direction data were 
given to 16 compass points and the wind speed 
to 1 mph. The data were processed to deter- 
mine the average standard deviation of the wind 

speed and direction differences between the six 
possible pairs of unlike station combinations. 

Similar data were collected in the hilly area 
around the Oak Ridge National Laboratory. In 
this case a central station was compared to 

Table 2.2 -WIND DIFFERENCES BETWEEN FOUR 
WEATHER STATIONS NEAR SAN ANTONIO, TEXAS 

Standard deviation 
of wind-direction Standard deviation of 

differences,* wind-speed 
Station compass points differences,* mph 

1 - 2  1.70 
1-3 1.70 
1-4 1.60 
2-3 1.60 
2 -4 1.75 
3 -4 1.50 

Average 1.65 

4.7 
4.5 
4.8 
4.2 
4.9 
4.0 
4.6 

* Based on 10 years of data. 

16 satellite stations at an average distance of 
2.5 miles from the central station (range from 
0.3 to 7.5 miles), and the percentage ofthe time 
that the wind direction at  the central stationand 
at each satellite station agreed within one com- 
pass point was tabulated. Data collected over a 
period of about 1 year were used to prepare the 
averages for all 16 combinations of stations. 
The data showed the following percentages: 

Light winds (day) 43.4% 
Light winds (night) 38.W! 
Strong winds (day) 72.6% 
Strong winds (night) 68.6% 

On the basis of the discussion presented ear- 
lier in this chapter, the greater variability with 
light winds seems reasonable. It is quite pos- 
sible that similar data comparisons in very 
regular terrain, such as the Great Plains area, 
w d d  show more spatial homogeneity at all 
times and for all ranges of wind speed. 

2-7 ATMOSPHERIC DIFFUSION 

Knowledge of the configuration of the source 
of an effluent is a necessary starting point for 
diffusion estimates. For purposes of descrip- 
tion it will be assumed in the following discus- 
sion that the effluent is composed of a gas o r  of 
particles that faithfully follow the motions of 
the atmosphere. This implies that the effluent 
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is neither negatively nor positively buoyant if 
it is a gas and that it has a negligible settling 
velocity if i t  is composed of discrete particles. 

2-7.1 The Instantaneous Point Source 

The instantaneous point source is the con- 
ventional approximation to the type of release 
associated with a very short venting of material 
to the atmosphere, e.g., an explosion. The term 
“instantaneous point” is, of course, fiction since 
even a small rapid explosion will have finite 
time and space dimensions. The puff, once 
formed, moves away from the source with a 
speed and direction determined by the wind at  
the moment of release. The mean speed and 
direction of the puff can be expected to change 
from the original values during its travel as the 
wind pattern in which it is imbedded changes 
with time. As the puff moves, i t  will expand 
about its center awing to the action of turbulent 
fluctuations. Part (a) of Figure  2.37 shows an 
idealized circular smoke cloud imbedded in a 
uniform turbulent field in which all the  turbulent 
elements a re  smaller than the cloud. Both the 
puff and turbulent elements may be carried 
along with some large-scale motion (indicated 
by the arrow). This puff will, as indicated, grow 
slightly as its edges a re  mixed with the pure 
air by the small eddies. This growth is accom- 
panied by a proportional decrease in concentra- 
tion of the smoke within the puff. In (b) of 
Fig. 2.37, a puff is imbedded in a field of tur- 
bulent elements that a r e  considerably larger. 
In this case the puff will experience transport 
and little dispersion o r  decrease in concentra- 
tion. Finally, (c) of Fig. 2.37 shows a puff im- 
bedded in eddies of approximately the same 
size. In this case diffusion will be quite rapid, 
and the concentration within the puff will de- 
crease rapidly. 

In the real atmosphere, turbulence is the 
composite result of all the motion systems dis- 
cussed earlier. The turbulent elements are  not 
regular circles. They are  best visualized by 
traces such as those in Fig. 2.30 or 2.31. A 
puff of smoke released into the atmosphere will 
always grow larger since there almost always 
will be eddies smaller than o r  of the same size 
as the puff. 

The amount of material in a puff from an in- 
stantaneous point source is usually given as the 
total quantity of material released (curies, 

Fig. 2.37-Idealized dispersion patterns. (a) A large 
cloud in a uniform field of small eddies. (b) A small 
cloud in a uniform field of large eddies. (c) A cloud 
in a field of eddies of the same size as  the cloud. 

grams, efc.), and the downwind distribution of 
the material after it has been dispersed is fre- 
quently expressed in terms of exposure, or the 
time integral of the concentration as the puff 
passes the point of observation. 

2-7.2 The Continuous Point Source 
Diffusion meteorologists have paid more at- 

tention to the continuous point source release 
than to any other type. It is a good approxima- 
tion to releases from stacks, from smallfis-  
sures in structures containing pollutants, and 
from small spills of volatile materials. Theap- 
proximation of the true source configuration by 
a point becomes increasingly better as the dis- 
tance at which the concentration is observed 
grows increasingly large compared with the di- 
mensions of the source. 

A continuous plume may be considered to be 
made up of an infinite number of puffs released 
sequentially with a vanishingly small time in- 
terval between puffs. Initially each puff moves 
with the wind direction at the moment of re- 
lease. The quantity of material released isusu- 
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ally expressed in terms of a release rate 
(curies per second, kilograms per hour, etc.), 
and the downwind material distribution is usu- 
ally expressed in terms of average concentra- 
tion over the period of release (curies per cubic 
meter, etc.). Linear dimensions of the plume 
perpendicular to the plume axis are  often given 
in terms of the standard deviation of the con- 
centration distribution since the average cross- 
plume distribution is usually close to a normal 
curve with boundaries at infinity. 

The left side of Fig. 2.38 denotes, schemati- 
cally, the boundaries of a smoke plume as it 
would appear at any given instant (such as in a 
snapshot) o r  as it would appear having been 
averaged over 10 min o r  2 hr  (as in a time ex- 
posure). The right side of the figure represents 
the distributions of the concentration for each 
of the three plume types. The snapshot shows 
an irregularly varying plume, which gradually 
expands .with distance from the source. The 
corresponding concentration distribution is ir- 
regular and quite peaked. The 10-min average 
shows a smooth and regular boundary that can 
be considered as the envelope containing all the 
short-period fluctuations of the plume. The 
average concentration distribution perpendicu- 
l a r  to the axis of such a plume has been found 
to resemble a normal (Gaussian) distribution 
about the center line, as shown on theright side 
of the figure. The 10-min cross-plume aver- 
age concentation distribution is broader and 
smoother than in the instantaneous case but has 
a lower peak value. The 2-hr plume is wider 

yet 'bith an even flatter average concentration 
pattern. 

If the time-averaged diagrams of the plume 
were extended to distances quite far from the 
source, the boundaries of the time-smoothed 
plume would themselves meander because the 
longer length of plume would be under the in- 
fluence of eddies that a r e  quite large in area 
(as well as in time necessary to pass an ob- 
server). The averaging time used originally 
therefore would be too short to show a time- 
averaged picture of these larger fluctuations. 
A longer time average appropriate to this 
greater distance would, again, be too short for 
distances greater yet. It is important to recog- 
nize that fluctuations in the wind that arelarger 
than the plume dimensions tend to transport the 
plume intact whereas those that are  smaller 
tend to tear it apart. Thus, as the plume 
reaches greater and greater distances and 
gro ' in size, larger and larger turbulent eddy 
sizes become effective in diffusing the cloud, 
and smaller eddies become increasingly inef- 
fective. 

Since the time-averaged plume from a con- 
tinuously maintained point source expands both 
laterally and vertically with downwind distance 
from the source, the center-line concentration 
within the plume will decrease continuously with 
distance. The rate at which the center-line con- 
centration decreases varies with atmospheric 
stability or, 
and scale of 

equivalently, with the magnitude 
the turbulence. Much of the dis- 

RELATIVE CONCENTRATION 

Fig. 2.38-The diagram on the left represents the approximate outlines of a smoke plume observed 
instantaneously and of plumes averaged over 10 min and 2 hr. The diagram on the right shows the 
corresponding cross-plume distribution patterns. 
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cussion in the following two chapters is con- 
cerned with this subject. 

Although continuous sources located at the 
earth's surface may be postulated, the ele- 
vated source represented by a continuously 
emitting chimney is a more common occur- 
rence. The surface-concentration pattern from 
an elevated source is typically like that shown 
in Fig. 2.39. The concentration is essentially 

X -  CONCENTRATION 
y-CROSSWIND DISTANCE 
X -  DOWNWIND DISTANCE 

Fig. 2.39 -The surface-concentration pattern down- 
wind from an elevated source. 

zero near the base of the chimney, rises rapidly 
to a peak value at some downstream distance, 
and decreases regularly thereafter. The con- 
centration is always higher along the projection 
of the plume axis on the ground than on either 
side. 

Many formulations have been advanced for 
estimating the concentration distribution within 
a continuously emitted plume from a knowledge 
of the values of the accompanying meteoro- 
logical variables. Some of these formulas are 
given in Chap. 3. The various measures of 
wind-velocity fluctuation discussed earlier have 
found considerable application in estimating the 
downstream concentration distribution from a 
variety of effluent source configurations includ- 
ing the continuous point source. Such techniques 
have been particularly useful over the range of 
distances that are usually of interest in reactor 
safety analyses, i.e., from a few hundred me- 
ters  to about 10 km. 

The horizontal spreading of a continuously 
released plume may be estimatedfromthe mag- 
nitude of the wind fluctuations, in terms of De, 
presented in Fig. 2.34. If uy is the standard 
deviation of the horizontal concentration distri- 
bution within a continuous plume, then, as is 

shown in subsequent chapters,~,  M ue x, where 
0 6  is the horizontal wind-direction standard de- 
viation (radians) and x is the distance from the 
source. The wind-fluctuation data in Fig. 2.34 
can on the basis of this relation be interpreted 
directly in terms of plume spread. 

During unstable and neutral conditions, both 
the mean wind velocity and the fluctuations about 
the mean change rather little with height, and a 
measurement made at any one level is repre- 
sentative of a rather deep layer. During sta- 
ble conditions, however, both these variables 
change rather rapidly with height, and lateral 
diffusion may proceed quite differently, i ts  be- 
havior depending on the height of the source 
above the surface. Near the surface the instan- 
taneous inversion plume may be quite narrow, 
but slow meandering of the wind results in a 
similar meandering of the plume; therefore the 
time-averaged plume may appear quite broad. 
At greater heights the stable values of 06 are 
quite small, but the plume is likely toencounter 
large values of wind speed and direction shear 
that act as nonturbulent diffusive mechanisms. 

It was noted earlier in this section that the 
width of a time-averaged plume increases with 
increasing sampling time. If a plume were 
emitted continuously over a period of many 
weeks o r  months, it  would move many times 
during this period through all the directions of 
the compass; the concentration distribution 
therefore would not fall into some finite sector 
but, rather, would be represented by isopleths 
about the source. Such a distribution shows the 
average concentration decreasing in all direc- 
tions from the source but most slowly in the 
directions of greatest wind frequency. 

Although the characteristics of horizontal 
spreading of time-averaged smoke plumes are  
difficult to observe, the vertical appearance of 
a real plume makes no demands on the ob- 
server; it offers considerable information on 
the thermal and dynamic state of the lower at- 
mosphere. Some typical patterns of vertical 
smoke spreading a re  presented in the next 
paragraphs and illustrated in Fig. 2.40. 

2-7.2.1 Fanning. ' The characteristics of fan- 
ning a re  those that would be expected from a 
consideration of urp described in Sec. 2-6.3. 
Since the vertical component is very small, the 
plume will expand very little in depth over long 
distances. The vertical shear of the horizontal 
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Fig. 2.40-Various types of smoke-plume patterns observed in the atmosphere. The dashed curves in 
the left-hand column of diagrams show the adiabatic lapse rate, and the solid lines a re  the observed pro- 
files. The abscissas of the columns for the horizontal and vertical wind-direction standard deviations 
(me and uV) represent a range of about 0" to 25". 

59 

wind, which may be quite-large at night, is fre- 
quently sufficient to cause rather great hori- 
zontal spreading of this shallowplume. Further, 
if the wind is very light, the horizontal mean- 
dering of the low-level wind, as shown in (d) of 
Fig. 2.30, might result in a very sinuous plume 
path, similar to a shallow meandering river that 
widens slowly with distance from the source. 
Since the diffusion is very small, however, a 
plume under an inversion may be visible to 

hundreds of times the distance that it could be 
seen under better daytime mixing conditions. 

The prediction of concentration in a fanning 
plume is one of the weakest points in statistical 
diffusion-forecasting schemes because the me - 
andering motions are often in response to par- 
ticular topographical configurations and unique 
atmospheric variable patterns. 

In many cases the fanning behavior of plumes 
is not considered an unfavorable condition for 
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2-7.2.3 Looping. During the warmer seasons, stack releases even though the effluent under- 
goes little vertical dilution after leaving the 
stack. The important feature is that an effluent 
of neutral buoyancy tends not to spread to the 
ground during inversion conditions. This situa- 
tion might be unfavorable, however, in the fol- 
lowing circumstances: 

1. 

2. 

3. 

4. 

It 

Where the stack is short with respect to 
surrounding buildings o r  terrain requiring 
freedom from pollution. 
Where the effluent plume contains radio- 
active materials, the radiation from which 
could deliver a ground-level exposure even 
with zero ground-level air concentrations. 
Where there is a group of stacks of 
various heights and the resulting cloud of 
effluent is extensive. 
Where lateral spread and variability of 
plume direction are restricted (as by a 
deep, narrow valley) so that effluentpasses 
repeatedly over the same places. 
is quite ra re  that the wind will be truly 

calm. Usually there is some drift that cannot 
be measured by an anemometer but is shown by 
the movement of smoke. Therefore it would be 
unusual for an effluent released over aperiod 
of an hour o r  more to remain in the immediate 
vicinity of the source. 

2-7.2.2 Fumigation. Shortly after the sun comes 
up on a clear morning, the existing radiational 
inversion begins to dissipate and is slowly re- 
placed by a neutral o r  unstable layer that 
usually begins at the ground and works its way 
upward. At some time after sunrise, the in- 
version is present just above the top of the 
stack and acts as a lid while the newly devel- 
oped convective eddies mix the effluent plume 
within the shallow unstable layer next to the 
ground. This condition may also develop insea- 
breeze circulations during late morning o r  
early afternoon. 

This condition can give rise to the greatest 
ground-level concentrations observed in the 
neighborhood of a stack over periods of about 
30 min because of the high inversion-like con- 
centrations brought rapidly to the ground. More - 
over, if the growth of the neutral o r  unstable 
layer is slow o r  if it does not grow at all, as 
in the case of the sea breeze, fumigation con- 
ditions may persist for many hours along a 
considerable length of the plume. 

when the skies-are clear, a condition known as 
looping is frequently evident by midday. The 
temperature structure at such times is likely 
to be very unstable, at least in the lower layers 
(see Fig. 2.19), giving rise to large, vertical, 
thermally induced eddies that bring the plume 
to the ground close to the source inintermittent 
puffs. Because of the higher degree of turbu- 
lence, both in the vertical and horizontal, these 
puffs are of a somewhat lower concentration at 
a given distance from the source than under 
fumigation conditions. Furthermore, the con- 
centration of the puffs that may reachthe ground 
will decrease very rapidly with distance from 
the stack. However, since the puffs reach the 
ground close to the source, average ground- 
level concentrations during looping conditions 
are likely to be quite high for the given stack 
height. The horizontal wind pattern associated 
with looping is typically like that during the 
12:OO a.m. to 2:OO p.m. interval in (b) of 
Fig. 2.30. 

2-7.2.4 Coning. Coning occurs with a vertical 
temperature gradient between isothermal and 
adiabatic. The effluent plume is shaped like a 
cone with a horizontal axis. The distance from 
the stack at which the effluent first comes to 
the ground is greater than with looping con- 
ditions because of the lower level of thermally 
induced turbulence. Coning usually accompanies 
cloudy, windy conditions and can occur during 
the day o r  at night. In dry climatesit may occur 
infrequently and, conversely, in cloudy climates 
it may be the most frequently observed plume. 

The typical coning plume shown in Fig. 2.40 
might be associated with the wind conditions in 
the latter part of (b) of Fig. 2.30. 

. 

2-7.2.5 Lofting. Lofting occurs with the tran- 
sition from unstable to inversion conditions 
and is most often observed near sunset. De- 
pending upon the height of the stack and the 
rate of deepening of the inversion layer, the 
lofting condition may be very transitory o r  may 
persist for several hours. It may infrequently 
persist throughout the night. The zone of strong 
effluent concentration is caused when the inver - 
sion traps the effluent carried into the stable 
layer by turbulent eddies that penetrate the 
layer for a short distance. Other than when the 
inversion is very shallow, the lofting condition 
may be considered as the most favorable diffu- 
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sion situation. The inversion prevents effluent 
from reaching the ground, and, at the same 
time, the effluent is diluted in the layer above 
the inversion. 

2-7.2.6 Limits of Vertical Plume Spread The ver- 
tical patterns of smoke plumes discussed in 
the last sections are those that have been ob- 
served in the first few tens of stack lengths 
from the source. The rate of vertical growth 
that is observed over such distances cannot 
be maintained indefinitely. The lower boundary 
of the plume is, of course, fixed by the surface 
of the earth, and the top of theplume is bounded 
even during the most unstable low-level tem- 
perature patterns by more-stable layers aloft. 
The day temperature profiles in Fig. 2.19 show 
the average trend toward greater stability with 
height. On a clear summer day, the super- 
adiabatic lapse rate will rarely extend more 
than a few hundred to a thousand meters above 
the surface. Above this there may be a smooth 
transition to less unstable structure, or there 
may be a sharp change to stable conditions. 
These changes may arise because of subsi- 
dence o r  more subtle large-scale meteoro- 
logical processes. As a result of the sta- 
bilization aloft, a distinct lid is placed on the 
further vertical growth of a plume, and any 
future decrease in concentration must be due 
to horizontal spreading. This condition is fre- 
quently referred to as "trapping." Estimates of 
diffusion at distances 5 or 10 km or more from 
the source must take account of this fact. The 
existence of a lid to vertical diffusion is one of 
the main factors in assessing the extent of 
pollution from a multisource region, such as a 
city. If the wind speeds and the l idare  both low, 
the available volume through which the accu- 
mulated pollution from the city may be dis- 
persed is comparatively small, and high pol- 
lutant concentrations may be reached. 

2-7.3 Other Source Configurations 

Although instantaneous and continuous point 
sources have traditionally been of the greatest 
interest in diffusion meteorology, a number of 
other source configurations have claimed some 
attention also. The instantaneous line source is 
a fairly common type that can be approximated 
by a continuously emitting, rapidly moving sys-  
tem, such as a crop-spraying aircraft. Such a 

line is usually thought of as extending toinfinity 
in both directions so that along-line diffusion 
may be neglected, and the diminution of con- 
centration with travel distance is entirely ex- 
plained by diffusion in the vertical and along- 
wind directions. 

Another source type, the continuous line 
source, may be approximated by a busy highway 
or a line of closely spaced vents. Since the re- 
lease is continuous, the sampling time is ger- 
mane. 

The continuous area source, although as yet 
of minor importance in nuclear problems, is 
receiving increasing attention in the urban air- 
pollution field. A city, with its multitude of 
pollutant-emitting sources, is the most common 
and characteristic representative of the area 
source. 

2-7.4 Nonideal Plume Characteristics 
A number of features of real smoke plumes 

have been disregarded in the previous discus- 
sion. These frequently must be considered in 
actual computations. Real plumes from real 
stacks have some exit velocity, perhaps small 
but frequently large enough to ensure that the 
plume will travel upward in bulk to some 
height determined by the exit speed, volume of 
effluent, wind speed, and stability condition. 
Similarly, the plume may be above ambient 
temperature at emission and thus have a buoy- 
ant component of upward motion in addition to 
the mechanical effect. It has also been assumed 
that the plume particles are of the samedensity 
as the air. Again, in practice, the particles 
may be more dense, and thus the plume would 
have some constant downward motion super- 
imposed on the turbulent mixing. If portions of 
the plume are in contact with the ground, depo- 
sition of the particulates on o r  absorption of the 
gases by surface features can cause a decrease 
in downstream concentrations. Resuspension of 
the deposited material must also be considered 
in assessing concentrations. Pollutants may 
vent from a variety of openings other than 
stacks. Material leaking from a crack in a 
vessel will experience an initial diffusion, 
which is dependent on the airflow about theves- 
sel  and its associated structures. Wind-tunnel 
modeling is used to study these situations. 
Finally, predictions of downstream concentra- 
tion may be in error  if the pollutant material is 
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such that it reacts with atmospheric constitu- 
ents or  changes composition owing to solar 
irradiation. Radioactive decay, which depends 
on the half-lives of the radioactive materials 
involved, will diminish the concentration of 
radioactive material downstream. All of these 
mechanisms are discussed in subsequent chap- 
ters. 
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